Identification and modelling of a representative vulnerable fish species for pesticide risk assessment in Europe by Ibrahim, Lara
Identification and Modelling of a 
Representative Vulnerable Fish Species for 
Pesticide Risk Assessment in Europe 
 
 
 
 
 
 
 
Von der Fakultät für Mathematik, Informatik und Naturwissenschaften der RWTH 
Aachen University zur Erlangung des akademischen Grades eines Doktors der 
Naturwissenschaften genehmigte Dissertation 
 
 
vorgelegt von 
 
 
 
 
 
Lara Ibrahim, M.Sc. 
aus Mazeraat Assaf, Libanon 
 
 
 
 
Berichter:    Universitätsprofessor Dr. Andreas Schäffer 
Prof. Dr. Christoph Schäfers 
 
 
 
 
Tag der mündlichen Prüfung:  30. Juli 2015 
 
 
 
 
 
Diese Dissertation ist auf den Internetseiten der Universitätsbibliothek online 
verfügbar  
 
 
  

Erklärung  
 
 
 
 
 
 
 
 
 
 
 
 
Ich versichere, dass ich diese Doktorarbeit selbständig und nur unter Verwendung der 
angegebenen Hilfsmittel angefertigt habe. Weiterhin versichere ich, die aus benutzten 
Quellen wörtlich oder inhaltlich entnommenen Stellen als solche kenntlich gemacht zu 
haben. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Lara Ibrahim 
 
Aachen, am 18 März 2015  
  
Zusammenfassung  
Die Zulassung von Pflanzenschutzmitteln in der Europäischen Gemeinschaft verlangt 
unter anderem eine Abschätzung des Risikos für Organismen in der Umwelt, die nicht 
Ziel der Anwendung sind. Unvertretbare Auswirkungen auf den Naturhalt sollen 
vermieden werden. Die ökologische Risikoanalyse stellt die dafür benötigten 
Informationen durch eine Abschätzung der Exposition der Organismen und der sich 
daraus ergebenden Effekte bereit. Die Effektabschätzung beruht dabei hauptsächlich auf 
standardisierten ökotoxikologischen Tests im Labor mit wenigen, oft nicht einheimischen 
Stellvertreterarten. In diesen Tests werden z. B. Effekte auf das Überleben, das Wachstum 
und/oder die Reproduktion von Fischen bei verschiedenen Konzentrationen der 
Testsubstanz gemessen und Endpunkte wie die LC50 (Lethal Concentrations for 50%) 
oder eine NOEC (No Observed Effect Concentration, z. B. für Wachstum oder 
Reproduktionsparameter) abgeleitet. Für Fische und Wirbeltiere im Allgemeinen 
beziehen sich die spezifischen Schutzziele auf das Überleben von Individuen und die 
Abundanz und Biomasse von Populationen. Da Endpunkte auf Organismenebene relative 
einfach und kostengünstig zu erfassen sind, während die Testung von Populationen 
ethisch fragwürdig und auch nur schwierig durchführbar ist, müssen die Ergebnisse der 
Laborstudien, insbesondere für Effekte auf Wachstum und Reproduktion, auf Effekte auf 
Populationen im Freiland extrapoliert werden. Diese Extrapolation wird meistens 
vereinfacht durch Sicherheitsfaktoren vorgenommen, die so gewählt werden, dass das 
Ergebnis mit hoher Wahrscheinlichkeit protektiv ist. Die wahre Schwellenkonzentration 
kann aber im Einzelfall unter- oder überschätzt werden.  
Die vorliegende Arbeit hat das primäre Ziel, die ökologische Relevanz der 
Effektabschätzung für Fische zu erhöhen. Populationsmodelle bieten eine mechanistische 
Möglichkeit, Effekte auf Populationsebene abzuschätzen. Eine vulnerable Art im Freiland 
ist nicht nur durch ihre intrinsische Sensitivität gegenüber dem 
Pflanzenschutzmittelwirkstoff definiert, sondern auch durch die Wahrscheinlichkeit, dem 
Stressor ausgesetzt zu sein, und die Widerstandsfähigkeit der Population gegenüber z.B. 
einer Hemmung der Reproduktion. Daher ist es für die Populationsmodellierung wichtig, 
eine nicht nur rein (toxikologisch) sensitive sondern eine repräsentative auch ökologisch 
vulnerable Art auszuwählen. In dieser Arbeit im Rahmen des EU-Projektes CREAM 
wurden solche ‚fokale Arten‘ für die Analyse von Effekte von Pflanzenschutzmitteln auf 
das Überleben von juvenilen oder adulten Fischen und auf die Reproduktion identifiziert. 
Zunächst wurde die Wahrscheinlichkeit einer Exposition in Gewässern nahe an 
landwirtschaftlichen Flächen betrachtet indem von den 579 in Europa vorkommenden 
Süßwasserfischen 27 Arten herausgefiltert wurden, die in kleinen Gewässern der 
Agrarlandschaft vorkommen, sich dort auch fortpflanzen, nicht invasiv sind und eine 
relativ breite Verbreitung in Europa aufweisen. Die Liste wurde anhand von 
veröffentlichten Daten zum Vorkommen von Fischarten in der Agrarlandschaft 
verifiziert. Im nächsten Schritt wurde die Widerstandsfähigkeit der Populationen 
gegenüber Effekten auf Überleben oder Reproduktion mit Matrixmodellen, welche mit 
Hilfe von Freilanddaten parametrisiert wurden, verglichen (Elastizitätsanalyse). Dabei 
wurde das Bachneunauge (Lampetra planeri) als die empfindlichste Art gegenüber letalen 
Effekten auf juvenile Fische, der Hecht (Esox lucius) als die empfindlichste Arte 
gegenüber letalen Effekte auf adulte Tiere und die Elritze (Phoxinus phoxinus) als 
empfindlichste Art gegenüber Hemmung der Reproduktion identifiziert. 
Für die Elritze wurde dann ein Populationsmodell erstellt, um von Effekten auf 
Reproduktion (Fekundität, Fertilität, Schlupfrate und Überleben der Larven) auf die 
Populationsebene zu extrapolieren. Das Individuen-basierte Modell (Minnow-IBM) 
berücksichtigt wichtige Aspekte des Lebenszyklus der Elritze und generelle Prinzipien 
wie z. B. populationsdichteabhängiges Bertalanffy-Wachstum und allomethrische 
Beziehungen für Fekundität und Überlebensraten. Die modellierte Populationsdynamik 
sowie die Struktur der Modellpopulation wurden erfolgreich an Freilanddaten überprüft. 
Der gesamte Modellierungsprozess wurde detailliert nach neuen Empfehlungen (TRACE 
Documentation, EFSA Opinion on Good Modelling Practice) dokumentiert und erlaubt 
dadurch eine kritische Überprüfung des Modellkonzepts, seiner Implementierung und der  
Modelltestung. Damit stehen umfassende Informationen für die Interpretation und 
Bewertung der Modellergebnisse zur Verfügung. 
Die relevanten Reproduktionsendpunkte in Lebenszyklus-Tests mit Fischen (Fish Full 
Lifecycle Test, als der Test mit der umfangreichsten Erfassung populationsrelevanter 
Endpunkte) sind direkt als Parameter bzw. Zwischengrößen im Modell enthalten und 
können daher direkt zur Simulation von Substanzeffekten verändert werden. Die 
Anwendbarkeit des Modells auf Testergebnisse wurde generisch gezeigt, indem 
Vorschläge für ein Simulationsszenario und geeignete Populationsendpunkte erarbeitet, 
Reproduktionsparameter systematisch verringert und deren Auswirkung auf die 
Population gezeigt wurden.  
Das Modell kann daher als Werkzeug in der gestuften Risikobewertung eingesetzt 
werden, wenn Effekte auf die Reproduktion von Fischen betrachtet werden und von 
Standardtests auf mögliche Effekte auf vulnerable Populationen in der europäischen 
Agrarlandschaft geschlossen werden soll. Unterschiede in der intrinsischen Sensitivität 
von Arten (z. B. der im Labor getesteten Art und der Elritze) können mit traditionellen 
(Sicherheitsfaktoren, Artempfindlichkeitsverteilungen) oder neueren Verfahren wie 
physiologisch basierten toxikokinetischen-toxikodynamischen (PBTK-TD) Modellen 
adressiert werden. Möglichkeiten für die Weiterentwicklung des Modells, wie z. B. eine 
Kopplung mit TK-TD Modellen zur Berücksichtigung zeitvariabler Exposition oder die 
Berücksichtigung saisonalen Wachstums, werden diskutiert. 
Die Arbeit bildet damit eine Grundlage für den Einsatz von Fisch-Populationsmodellen in 
der Risikoabschätzung von Pflanzenschutzmitteln. Zusätzlich zu den direkten 
Forschungsergebnissen bietet die Information in den Anhängen eine ausführliche 
Datenbank zu europäischen Süßwasserfischen, welche für die Auswahl weiterer fokaler 
Arten oder auch für andere Fragestellungen verwendet werden kann. Der vollständige 
Netlogo-Code des Elritzen-Modells steht ebenfalls als Anhang zur Verfügung und kann 
damit verwendet und verbessert werden.  
Summary 
An estimation of the likelihood of agricultural pesticides to cause adverse effects on 
ecological systems is required by the European Commission in order to decide on their 
placement on the market. The ecological risk assessment (ERA) process provides relevant 
information by analyzing chemical exposure and effects in a science-based manner. 
Effect assessments mainly rely on standardized toxicity tests performed in laboratories 
using a limited set of surrogate species which are, in most cases, non-native to Europe. 
These tests measure the effects of several concentrations of the test substance on the 
survival, growth and/or reproduction of test individuals resulting in endpoints such as the 
LC50 (Lethal Concentrations for 50% of a group of test animals) or NOEC (No Observed 
Effect Concentration, e.g. for growth or reproductive parameters). 
For aquatic vertebrates (represented by fish) specific protection goals address the survival 
of individuals and the abundance and biomass of populations. Since organism-level 
endpoints can easily be measured and are cost-effective, and since testing on field 
populations is neither ethical nor practical for vertebrates, organism-level results of fish 
toxicity tests should be extrapolated to field populations, at least the measured effects on 
growth and/or reproduction. This extrapolation is usually achieved using assessment 
factors as a protective and simple approach which is nevertheless associated with high 
uncertainty whereby the true risks posed by pesticides may be over- or under- estimated. 
The present work primarily aims to increase the ecological relevance of pesticide effect 
assessment for fish. Population models allow a mechanistic estimation of pesticide effects 
on fish populations.  
A vulnerable species in the field is not only characterised by its intrinsic sensitivity to a 
stressor but also by its susceptibility to pesticide exposure and its population resilience, 
and therefore the selection of the appropriate species to model for population-level effect 
assessments is critical. The conducted research, within the framework of the CREAM-EU 
project, comprehensively identified focal fish species for the effect assessment of 
pesticides on fish in Europe, i.e. representatives of vulnerable ones, for each of the 
following types of pesticide effects: juvenile survival, adult survival and reproduction. 
First, the susceptibility of fish species to pesticide exposure was considered whereby out 
of 579 fish species occurring in European freshwaters, 27 species were listed which are 
native to Europe, of wide geographic range in the European Union and inhabit streams, 
ditches and/or ponds for most of their life cycle. The listed species were further verified 
to occur in edge-of-field water bodies where pesticides are applied. Second, the resilience 
of populations of a subset (21 out of 27 based on data availability) of the listed potentially 
exposed fish species was compared by performing an elasticity analysis on matrix 
population models (Leslie models) which were parameterized from field data mainly. As 
a result, the European brook lamprey (Lampetra planeri) was identified as the most 
sensitive species to lethal effects on juvenile fish, the pike (Esox lucius) as the most 
sensitive species to lethal effects on adult fish and the minnow (Phoxinus phoxinus) as the 
most sensitive species to inhibition of reproduction.  
Then, a population model was built for the minnow to serve as a tool for the extrapolation 
of adverse effects of pesticides on fish reproduction, specifically on fecundity, fertility, 
hatching or larval survival. This individual-based population model, the Minnow IBM, 
was built around important aspects of the life history of the focal species and is in line 
with general principles such as compensatory density-dependent growth and allometric 
relationships of survival and fecundity. The dynamics and structure of modelled 
populations have been successfully validated against field data. The whole modelling 
process was thoroughly documented following good modelling practice allowing a 
critical evaluation of model formulation, design, implementation and output validation 
whereby the model user is well-informed when interpreting model output. 
The relevant biological endpoints of standard fish full life-cycle tests, which provide the 
most comprehensive population-relevant data sets under the effect assessment scheme, 
are included in the model as parameters and an intermediate variable, whereby 
simulations of pesticide effects can be performed by directly changing the relevant 
values. The applicability of this model to test results was demonstrated generically 
whereby a set of effect-response curves was produced by applying successive reductions 
in the parameter value or intermediate variable relevant to each biological endpoint 
considered separately, and calculating the resulting population-level effects. Suggestions 
regarding worst-case scenarios and population-level endpoints were made.  
This model can serve as a non-experimental refinement option whereby it can be used as 
a virtual laboratory for the assessment of measured effects on reproduction in standard 
toxicity tests, on the population level of a fish species which represents those which are 
vulnerable in the field. Differences in intrinsic sensitivity between the standard test 
species and the minnow can be handled using established traditional (assessment factors 
or Species Sensitivity Distribtions, SSDs) or evolving approaches (Physiologically Based 
ToxicoKinetic-ToxicoDynamic models, PBTK-TD). 
This research was able to lay foundations for the use of population modelling of focal 
species as a refinement option for ERA of pesticides on fish. In addition to direct research 
results, the supplementary information in the thesis appendices provide a rich database on 
European freshwater fish which can be used for a multitude of research questions, 
including a more refined identification of focal species. Possibilities of model 
improvement such as accounting for seasonal growth patterns in minnow populations of 
the temperate European region, or the coupling of the IBM with TK-TD models to 
account for time-varying exposure were discussed. The Minnow IBM program is also 
made accessible as an appendix allowing the freedom of exploration, use and 
improvement.  
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1.1. Research Background and Motivation 
Chemicals which are introduced to the environment, such as heavy metals, pharmaceuticals or 
pesticides, can pose risks on ecosystems and the services ecosystems provide for the human 
well-being. The ecological risk assessment (ERA) of chemicals estimates their likelihood to 
cause adverse effects on ecological systems by analysing chemical exposure and effects 
following a science-based process (Suter 1992). The risk assessment procedure is faced with 
difficulties due to the many factors that may affect the fate and effects of chemicals in the 
environment (Munns 2006). Simplification is necessary in order to estimate chemical risks in 
a cost-effective and practical way and consequently the extent of ecological relevance of 
current practice in ERA of chemicals is often questioned (Forbes et al. 2001, 2008; Thorbek et 
al. 2010; Galic et al. 2012).  
Complex regulatory frameworks exist in the Europen Union (EU) for placing biologically 
active substances on the market, e.g. for agricultural pesticides1 which are deliberately 
released into the environment to protect plants and which may affect non-target species, if 
exposed. The core European legislation regulating the approval of pesticides is Regulation No 
1107/2009 (EC 2009) and it requires comprehensive testing to assess risks and to inform 
decision making. Laboratory experiments used for the effect assessment of pesticides measure 
the acute and chronic effects of chemicals on individuals (rarely populations e.g. for algae) for 
a restricted set of standard test species under controlled and presumably favorable 
environmental conditions (EC 2013).  
The complexity of the field situation, including ecological factors such as density dependence, 
natural environmental stressors, life history and spatial and temporal heterogeniety (Munns 
2006), is impossible to be empirically addressed in the laboratory. Therefore, current practice 
                                                 
1 We refer to plant protection products (EC 2009) as pesticides throughout the thesis. 
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in ERA extrapolates test results to the field situation by applying assessment factors 
(Elmegaard and Akkerhuis 2000, EFSA 2013). This extrapolation approach is designed to be 
conservative although the associated uncertainties cannot be quantified and thus over- or 
under-protection may result (Calow and Forbes 2003; Banks et al. 2010).  
Mechanistic effect modelling has long been suggested as and demonstrated to be a powerful 
approach which has the potential to improve the ecological relevance of ERA in various 
aspects including extrapolations of laboratory test results from one species to another, from 
the individual to the population level and between environmental conditions while 
considering the spatio-temporal variability of chemical exposure and other environmental 
factors and stressors (Pastorok et al. 2002, 2003; Hommen et al. 2010; Brock et al. 2010; 
Thorbek et al. 2010; and the articles introduced by Grimm and Thorbek 2014 and Galic and 
Forbes 2014). Mechanistic effect modelling has also been recently included by the European 
Food Safety Authority (EFSA) scientific opinions as an appropriate refinement option for 
higher-tier ERA (EFSA 2010, 2013, 2014). Despite the high potentials of effect modelling it 
has, to this date, rarely been used in chemical regulation in Europe since in most cases models 
lacked transparent and thorough documentation leading to scepticism from industry and 
regulatory authorities (Galic et al. 2010; Schmolke et al. 2010b; Grimm et al. 2014).  
Efforts are continuously being made to improve the ecological relevance of ERA of 
chemicals, and in this context, the CREAM (Mechanistic Effect Models for Ecological Risk 
Assessment of Chemicals, www.cream-itn.eu) project was launched (Grimm et al. 2009). 
CREAM was a Marie Curie Initial Training Network, funded by the European Commission 
(EC) within the 7th Framework Programme, and consisted of thirteen partner institutions and 
ten associated partners from industry, regulatory authorities and contract research 
organizations. CREAM consisted of twenty-two projects which were all related to developing 
ecological models for the risk assessment of chemicals, primarily pesticides, and they covered 
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several terrestrial and aquatic organisms. The main objective of CREAM was to increase the 
ecological relevance of current chemical risk assessment methods in Europe by training the 
next generation of researchers with expertise in both modelling and risk assessment, aiming to 
develop models with ongoing feedback from regulators and experts from industry, to 
thoroughly validate the developed models and to introduce and refine a framework for 
planning, performing and documenting model design and testing, TRACE (TRansparent and 
Comprehensive Ecological modelling evaludation2, Schmolke 2010a, Grimm et al. 2014). 
TRACE documents are intended to provide convincing evidence that a model was 
thoughtfully designed, correctly implemented, thoroughly tested, well understood and 
appropriately used for its intended purpose. Such documentation helps develop confidence in 
a model by clarifying the rationale behind it, assessing its quality and demonstrating the 
reliability of its results. Grimm et al. (2014) provide the latest update on TRACE terminology 
and format and explain the following eight elements of TRACE in detail: (1) Problem 
formuation, (2) Model description, (3) Data evaluation, (4) Conceptual model evaluation, (5) 
Implementation verification, (6) Model output verification, (7) Model analysis and (8) Model 
output corroboration.  
The research presented in this thesis is a result of the CREAM FISH-2 project which focused 
on the ERA of pesticides for European freshwater fish in edge-of-field surface waters.  
1.2. Current Practice in ERA of Pesticides for Fish  
The legal requirements concerning the placing of pesticides on the market are set out by the 
European Commission Regulation No 1107/2009 (EC 2009). Therein, general protection 
                                                 
2 'Evaludation' is an artificial term which merges the terms 'evaluation' and 'validation'. This 
term was suggested by Agusiak et al. (2014) and is defined as: "The entire process of 
establishing model quality and credibility throughout all stages of model development, 
analysis and application" 
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goals require no unacceptable effects of pesticides on biodiversity, the ecosystem and non-
target species including their ongoing behaviour (EC 2009, page 2). Data requirements as set 
out by regulations (EC 2011, 2013) consider fish explicitely for the acute and chronic effect 
assessments of pesticides. General protection goals are not sufficient to devise ERA schemes 
and therefore the definition of specific protection goals (SPGs) is necessary. For this purpose, 
the ecosystem services approach has been proposed (EFSA 2010) whereby SPGs should be 
derived for key drivers (main groups of organisms) which can probably be affected by 
pesticide exposure (Nienstedt et al. 2012). Generally, these SPGs aim to protect organisms on 
the population level, however, for vertebrates which include fish, protection at the level of 
individuals is also proposed to avoid visible mortality and suffering due to acute toxicity 
(EFSA 2010). Accordingly, SPGs were derived for aquatic organisms in edge-of-field surface 
waters allowing the design of protective ERA schemes for pesticides (EFSA 2013). Thereby, 
regulatory acceptable concentrations (RACs) can be derived based on two options; (1) the 
ecological threshold option (ETO) which accepts only negligible effects and (2) the ecological 
recovery option (ERO) which accepts some population effects if recovery takes place within 
an acceptable time-period.  For fish as vertebrates, only the ETO option applies allowing only 
negligible effects on the survival of individuals (acute ERA) or abundance / biomass of 
populations (chronic ERA). 
The proposed risk assessment scheme for pesticide effects on aquatic organisms (EFSA 2013) 
follows a tiered approach (Figure 1.1.). The aim of a tiered approach is to start with a 
conservative and relatively simple assessment at the lowest tier (Tier 1) and to move on to 
refined more complex and data-demanding assessments at higher tiers only when found 
necessary (Tier 2, Tier 3 and Tier 4). Lower tiers are more conservative than higher tiers, 
however all tiers address the same SPGs. The most important information on the ERA of 
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pesticides on fish including higher-tier refinement options are summarized below according to 
EFSA (2013).  
Figure 1.1. A schematic presentation of the tiered approach for effect assessment for 
pesticides in the aquatic environment reconstructed from the EFSA guidance document 
(modified from EFSA 2013, Figure 1 page 13). The figure includes higher tier refinement 
options in general; those written in italic font are usually not performed for fish.  
For Tier 1, the legal data requirements in terms of toxicity tests that must be performed are 
strictly specified in EC regulations (EC 2011, 2013) and should follow recognized test 
guidelines (TGs) of the Organisation for Economic Co-operation and Development (OECD) 
for testing of chemicals (www.oecd.org). Figure 1.2. provides a decision scheme of required 
Tier 1 fish tests. For fish, obligatory Tier 1 tests include the acute toxicity test on rainbow 
trout, Oncorhynchus mykiss (OECD TG 203), and if the substance is not expected to dissipate 
quickly, the Early Life Stage (ELS, OECD TG 210) or a Fish Full Life-Cycle test (FLCT, 
OECD 2014 a, b) as chronic tests depending on the properties of the active substance that is 
being evaluated. For potentially endocrine active substances, an additional screening test is 
required (Short Term Reproduction Assay, OECD TG 229; 21-day Toxicity Assay, OECD 
TG 230 or the Fish Sexual Development Test, OECD TG 234).  
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Figure 1.2. A decision scheme of required first tier tests with fish for the ERA of pesticides in 
Europe (based on EFSA 2013) 
A summary of endpoints delivered by the required Tier 1 fish tests is presented in Table 4.1. 
Fish FLCTs provide the most comprehensive and detailed data sets, and integrate effects 
across all fish life stages. OECD has not yet adopted a guideline for Fish FLCTs; two draft 
guidelines are available to this date (March 2015), the Medaka Multigeneration Test (MMT, 
OECD Draft TG 2014b) and the Medaka Extended One Generation Test (MEOGRT, OECD 
Draft TG 2014a) which are currently being developed and validated based on the Medaka 
FLCT (Ministry of the Environemnt, Japan 2002). Both proposed tests expose the test fish to 
a toxicant starting with the first generation as reproducing adults and following their offspring 
over hatch, juvenile development and reproduction. However, the first test follows the third 
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generation till adulthood while the second test follows the third generation till the end of hatch 
only. Both TGs are being developed for the Japanese medaka (Oryzias latipes) which is the 
only suitable species for MMT, however other species may also be suitable for MEOGRT. 
Till a final FLCT OECD TG is adopted, available life-cycle toxicity test methods are being 
used in ERA e.g. those developed for the medaka (Ministry of the Environemnt, Japan 2002), 
the fathead minnow (Pimephales promelas, Benoit 1982) the sheepshead minnow 
(Cyprinodon variegatus, Hansen et al. 1978) and for zebrafish (Danio rerio, Nagel 1998). A 
decision will be made in lights of validation results on whether the MEOGRT only or both 
will be adopted (OECD 2012).  
Tier 2 effect assessments may be performed if low risk could not be established at Tier 1, in 
order to derive a more refined RAC. The experimental refinement options suggested by EFSA 
(2013) include the geomean assessment factor, the species sensitivity distribution (SSD) and 
the refined exposure laboratory test assessment factor approaches. The first two approaches 
are possible if further tests are available or performed on species additional to the ones 
required by Tier 1 and they aim to better capture inter-species variations in sensitivity. The 
geomean assessment factor approach (using the geometric mean of the available toxicity 
values within a taxonomic group) is less data demanding (i.e. testing on less than five fish 
species) than the SSD (a statistical distribution estimated from a sample of laboratory toxicity 
data and visualised as a cumulative distribution function used to calculate the concentration at 
which a specified proportion of species are expected to suffer direct toxic effects, Posthuma et 
al. 2001). For the third option, tests are usually performed with the Tier 1 standard test species 
however under exposure conditions that more realistically resemble those in the field. 
Toxicokinetic-toxicodynamic (TK-TD, Ashauer and Escher 2010) models are also suggested 
by EFSA (2013) as a suitable complimentary refinement option to the Tier-2 assessment, 
whereby they can relate external chemical concentrations measured in tests to the internal 
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ones which actually cause the damage to test organisms, thereby allowing the refinement of 
exposure and effect patterns (e.g. Ashauer et al. 2013 for lethal pesticide effects on fish). TK-
TD modelling at Tier 2 can also be a way to reduce animal testing on vertebrates. 
Refinement options suggested by EFSA (2013) at Tier 3 and Tier 4 include experimental data 
and modelling and aim to assess population and/or community level responses. For aquatc 
risk assessments, in general, experimental approaches include microcosm or mesocosm 
studies at Tier 3, and field studies at Tier 4. For the specific case of vertebrates, including fish, 
experimental refinement options on the population or community level do not constitute common 
practice in ERA due to practicality reasons including high costs and long generation times (EC 
2011, 2013), also since testing on vertebrates should be performed only as a last resort (EC 2010). 
The experimental options themselves, even if performed, contain inherent limitations such as 
a poor number of replicates or a high variability of descriptive variables which stand in the 
way of their ability to detect significant effects of chemicals. Beaudouin et al. (2012) provide 
a case study with mosquitofish (Gambusia affinis) whereby they suggest the modelling of 
control population dynamics in mesocosm studies to overcome the mentioned limitations. 
Hence, for fish and other vertebrates or long-living species, modelling approaches are the 
most suitable refinement options at higher tiers i.e. population- and community-level models at 
Tier 3 and landscape-level models at Tier 4.  
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Table 1.1. A summary of the required (EC 2009, EFSA 2013) Tier 1 tests for the ERA of pesticides on fish based on the latest available OECD TG 
versions. Repro.: reproduction, Emb. Dev.: Embryological development, EDA: endocrine disruptor activity 
Fish Test Guideline Year 
adopted 
Life stage handled Required quantitative biological and biomarker 
observations 
Toxicity endpoints 
   Eggs Larvae Juveniles Adults Survival Growth Repro. Emb. Dev. EDA LC50(7) Ecx(8) LOEC(9) NOEC(10) 
Acute Toxicity               
 OECD TG 203 1992 - - - x x - - - - x - x x 
Early-life  Stage Toxicity              
 OECD TG 210 2013 x x x - x x(14) - x(3) - - x x x 
Short Term Reproduction              
 OECD TG 229 2012 - - - x x - x(1) - x(4,5,12) - - - - 
21-day Toxicity Assay               
 OECD TG 230 2009 - - - x x - - - x(4,5) - - - - 
Sexual Development              
 OECD TG 234 2011 x x x - x x(14) - x(3) x(4,5,6,12) - - x x 
Fish full life-cycle              
 Draft OECD TGs  2014 (11) x x x x x x(14) x(1, 2) x(3) x(4,5,6,13) - x x x 
1) Fecundity: Egg production expressed  as number of eggs/surviving female/day 
2) Fertility: the actual production of offspring  
3) Embryoligical development in terms of days to hatch, numbers of larvae hatched each day,  number of dead embryos each day and end of hatching 
4) Secondary sex characteristics 
5) Vitellogenin (VTG) is a phospholipoglycoprotein precursor to egg yolk protein that normally occurs in sexually active females of all oviparous species. 
6) Proportions of genetic and phenotypic sex: Change in the phenotypic sex ratio is an endpoint reflecting sex reversal. 
7)  LC50 as the concentration of test substance in water which kills 50% of a test batch of fish within a particular period of exposure (that must be stated) or median lethal concentration as an approximation, 
where the data obtained are inadequate for the use of standard methods. 
8) ECx: (Concentration at which x% of the effect observed is measured) is the concentration that causes an x% of an effect on test organisms within a given exposure period when compared with a control. 
EFSA (2013) recommends the use of ECx as a toxicity endpoint when possible, it should be noted however that ECx approaches are rarely suitable for large studies such as full life-cycle tests since its 
determination impractically requireds increasing the number of test concentrations.  
9) LOEC: Lowest observed effect concentration is the lowest tested concentration of a test chemical at which the chemical is observed to have a statistically significant effect (at p < 0.05) when compared 
with the control.   
10) NOEC: No observed effect concentration is the test concentration immediately below the LOEC, which when compared with the control, has no statistically significant effect (p < 0.05), within a stated 
exposure period. 
11) OECD has not yet adopted a guideline for fish full life cycle tests, two draft OECD guidelines are available to this date (January 2015) and are awaiting testing and validation results; The Medaka 
Extended One Generation Test (MEOGRT, OECD 2014 a) and the Medaka Multigeneration Test (MMT, OECD 2014b) and are being developed and validated based on the Medaka Full Life Cycle Test 
(Ministry of the Environemnt, Japan 2002). Test guidelines are being developed for the Japanese medaka (Oryzias latipes) which is the only suitable species for MMT, however other species may also be 
suitable for MEOGRT. 
12)  An optional evaluation of gonad histopathology (evaluation and staging of oocytes and spermatogenetic cells) 
13) Gonado-somatic index [GSI] and gonadal histology 
14)  Body length and body weight               
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1.3. Population Models for Representatives of Vulnerable Species (Focal 
Species) for Tier-3 ERA 
As detailed above, specific environmental protection goals for fish are related to the 
survival of individuals (no visible mortality) and to the abundance or biomass of 
populations (EFSA 2010, 2013). In both cases only negligible effects are acceptable. 
Thus, sub-lethal effects measured on test individuals following core data requirements for 
Tier-1 and possible refinements at Tier-2 may be mathematically linked to the population 
level as ERA refinement options at Tiers 3 and 4.  
Since fish population studies are not likely due to practical, financial and ethical reasons, 
the information gained from from standard laboratory toxicity tests may be 
mathematically extrapolated to the population level using mechanistic effect population 
models. Standard tests however use a limited set of test species which are chosen based 
on criteria of practicality and history of successful use. Since the life histories of these 
species and the associated population dynamics are not necessarily representative or 
protective for the species in the field (Wogram 2010 b; Banks et al. 2010), it is often not 
feasible to model them for achieving more realistic population-level estimates of the true 
risks of pesticides. The species to be modelled should allow the estimation of realistic 
worst-cases of pesticide effects on field populations. The definition of these realistic 
worst-cases requires knowledge about which species might be exposed in the field and 
the different life histories of these fish and the consequent variability in population-level 
responses to stress. 
The envisioned way forward according to suggestions by EFSA (2010, 2013, 2014) is to 
identify vulnerable species and select representatives from them for the risk assessment 
(focal species). In the context of this thesis, vulnerability refers to the degree to which a 
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population of a native European freshwater fish species is likely to experience harm due 
to exposure to a pesticide in edge-of-field surface waters (after Turner et al. 2003). The 
following species traits and characteristics can be used to determine population 
vulnerability: (1) susceptibility to exposure, (2) toxicological sensitivity and (3) 
population sustainability (van Straalen 1994; Rubach et al. 2011). Pesticide effects which 
are measured on the level of individuals in standard tests are expected to be used as input 
to population models for focal species after performing interspecies extrapolations which 
may be achieved in various ways including the use of assessment factors (Elmegaard and 
Akkerhuis 2000), SSDs (Newman et al. 2000, Raimondo et al. 2008), and Interspecies 
Correlation Estimation (ICE; Raimondo et al. 2010). It may also be possible to predict the 
intrinsic sensitivities of specific fish to a toxicant using physiologically-based 
toxicokinetic (PBTK) models (Stadnicka et al. 2012). 
Population models which are built around the important life-history and ecological 
aspects of the identified focal species can extrapolate organism-level effects to the 
population level for a better estimation of true risks (Pastorok et al. 2002; Calow and 
Forbes 2003; Hanson and Stark 2011, 2012 a, b). These models allow the assessment and 
estimation of realistic worst-case effects on fish populations in the field. This approach 
would reduce effect extrapolation uncertainties and result in protective yet more 
ecologically relevant estimations since the variation in life histories of actually exposed 
fish in the field would then be explicitly accounted for.  
1.4. Research Objectives 
The aim of this project was to contribute to the improvement of risk assessment for fish 
by providing a population model for a potential focal species. Therefore, the following 
objectives were addressed: 
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 A comprehensive identification and listing of widespread and native European 
freshwater fish which may live in streams, ditches and/or ponds in the EU and the 
verification of their existence in edge-of-field water bodies specifically, i.e. in 
landscapes where agriculture is practiced and pesticides are most likely applied. 
Thereby, the exposure part of the vulnerability concept was addressed. 
 An assessment of how the different life histories of the listed species reflect on 
their responses to toxicants on the population level (using population 
multiplication rates as endpoints). Thereby, the population suistainability part of 
the vulnerability concept was addressed. 
 The suggestion of focal species, i.e. fish species which can be representative of 
field conditions (representative vulnerable species) for extrapolating organism-
level effects to the population level. 
 The development and analysis of an individual-based model (IBM) for one of the 
suggested focal species which was concluded as representative in case of effects 
of pesticides on fecundity, fertility, hatching and larval survival (sub-lethal 
effects) since such effects are currently of primary interest for population-level 
ERA of pesticides for fish. 
 A full and transparent documention of the whole modelling procedure following 
good modelling practice and thereby the production a TRACE document.  
 A first demonstration of the applicability of the developed IBM to ERA of 
pesticides on fish based on which limitations and suggestions of improvement 
were made. 
1.5. Structure of the Thesis and Chapter Overview 
Six chapters constitute this thesis, beginning with the ongoing chapter. Chapters 1 and 6 
are general introduction and conclusion respectively. Each succeeding chapter is based on 
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the achievements of the preceding chapter. An overview of the thesis chapters to follow is 
provided below in text and as a diagram in Figure 1.3. 
 
Figure 1.3. An overview diagram of the chapters of the thesis 
 
Chapter 2 A list of fish species that are potentially exposed to pesticides in edge-of-
field water bodies in the European Union—a first step towards identifying vulnerable 
representatives for risk assessment 
This chapter comprehensively lists freshwater fish species that were recorded in European 
freshwaters and summarizes relevant data found in books and online resources on the 
species’ nativity, geographical range and habitat preference. Via a step-wise filtering 
approach, the chapter concludes a list of those species that are native to Europe, 
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widespread in the European Union, and which inhabit streams, ditches or ponds in 
agricultural landscapes. Starting with 579 fish species (Kottelat and Freyhof 2007) 
occurring in European freshwater, 27 species met the filtering criteria and were thus 
considered at an elevated risk of being exposed to pesticides. The resulting list was 
verified based on monitoring studies that had been conducted in agricultural landscapes 
over the past 20 years. This chapter realized the first step towards defining focal fish 
species for the ERA of pesticides for fish in Europe. Appendix I provides details on the 
filtering procedure and the considered information on all 579 species. 
Chapter 3 A contribution to the identification of representative vulnerable fish 
species for pesticide risk assessment in Europe—A comparison of population resilience 
using matrix models 
This chapter handles the aspect of population resilience. It was possible to build simple 
population models around the life cycles of 21 of the 27 fish species listed in Chapter 2, 
in order to compare the life histories of the different species and their associated 
population resilience. Such a comparison needed a uniform study environment which is 
of an adequate level of complexity and yet not highly data-demanding. Therefore, 
uniformly structured time-invariant Leslie matrix models were used. We compared the 
population resilience and hence the potential of species to sustain their populations in 
cases of exposure to pesticides of different modes of action, namely pesticides causing 
hypothetical reductions in fertility, juvenile survival or adult survival rates. Life-history 
characteristics of the species which had the least resilient populations to each of the 
considered modes of action were identified and three candidate species were suggested as 
focal species for more detailed modelling although the species' intrinsic sensitivity to 
toxicants was not handled. The chapter explains why it was not possible to handle 
interspecies variability in intrinsic sensitivity in this project and suggests the use of 
Chapter 1 – Thesis introduction 
16 
 
conventional and developing approaches for interspecies extrapolations instead. 
Appendix II provides parameterization details for the 21 matrix models that were 
constructed. 
Chapter 4 An individual-based population model for the Eurasian Minnow Phoxinus 
phoxinus as a focal species for ERA of pesticides: model development, testing and a first 
demonstration of applicability 
Since this project aims to contribute to a more ecologically relevant extrapolation of sub-
lethal effects of pesticides on fish to the population level, an IBM was developed for the 
Eurasian minnow, Phoxinus phoxinus. This species was found to have the least resilient 
populations for the considered possible sub-lethal effects of pesticides (effects on fertility 
rates in Chapter 3). The IBM handles the minnow population dynamics by accounting for 
individual variability and the effect of population density on growth and of habitat 
preference and reproductive behavior on survival. Model design and parametrization are 
based on field data and demographic patterns which had been reported since 1940 and till 
this day, for minnow populations in general while focusing on populations in the 
temperate climatic region. This chapter gives a summary of the TRACE document in 
Chapter 5 and demonstrates the applicability of the developed IBM to results of FLCTs in 
this context, specifically the typically measured effecs on the fecundity, fertility, 
hatchability and larval survival of test individuals, in addition to effects on the sex ratio of 
recruits. 
Chapter 5 A TRAnsparent and Comprehensive model Evaludation (TRACE) 
document for the Minnow IBM 
This chapter follows the latest standardized format of a TRACE document (Grimm et al. 
2014) and is a detailed description of the modelling activity which is presented in Chapter 
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4. According to good modelling practice, and for an IBM to be useful for possible future 
ERA applications, it should be well described, evaluated and validated (Schmolke et al. 
2010a, Agusiak et al. 2014, EFSA 2014, Grimm et al. 2014). This chapter provides 
supporting evidence that the model presented in Chapter 4 was thoughtfully designed, 
correctly implemented, thoroughly tested, well understood, and appropriately used for its 
intended purpose. Details are provided in Appendix III on the Minnow IBM data sources 
and parameterization and in Appendix V on example tests performed on the Minnow 
IBM program to verify the model implementation. Appendix IV provides the NetLogo 
program for the Minnow IBM. 
Chapter 6 General Conclusions 
The main outcomes of the thesis are summarized in this chapter regarding the achieved 
contributions to a more ecologically relevant ERA of pesticides on fish in Europe, in 
addition to possibilities for future research.  
 
All references cited within the chapters have been jointly listed in a separate section 
towards the end followed by five appendices which provide supplimentary information. 
Chapters 2 and 3 and the contents of Appendix I and II have been published in peer-
reviewed journals in a slightly modified form (Ibrahim et al. 2013, 2014 respectively).
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Chapter 2: A list of fish species that are potentially 
exposed to pesticides in edge-of-field water bodies in the 
European Union—a first step towards identifying 
vulnerable representatives for risk assessment 
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2.1. Introduction 
In Europe, agriculture is the most dominant land use and it accounts for almost half of the 
total land area of the European Union (EU) (Stoate et al. 2009). Agricultural landscapes 
provide a number of important ecosystem services whereby food, fibre and fuel are 
produced, water, soil and climate are regulated and aesthetic landscapes and wildlife 
habitats are provided (Zhang et al. 2007). However, agriculture may result in pollution of 
water bodies with animal wastes, veterinary pharmaceuticals, eroded sediments, nutrients 
or pesticides (Davies et al. 2009).  
Based on the ecosystem services approach, the European Food Safety Authority panel on 
pesticides and their residues (EFSA 2010) categorized fish under the non-target 
vertebrates group. This group includes terrestrial and aquatic vertebrates that supply the 
following ecosystem services: food, genetic resources, education, inspiration and 
aesthetics. Within this document, it is specified that wild fish should be protected at the 
level of individuals as well as populations whereby lethal and sub-lethal effects of 
pesticides on fish are allowed only in "small to negligible magnitudes" (EFSA 2010).  
It is not possible to study all the species that might exist in the field in order to assess the 
risks due to exposure to pesticides, hence, the current practice in ecological risk 
assessment (ERA) extrapolates results from tests performed on surrogate species to the 
field. This extrapolation is associated with a large degree of uncertainty. In this context, 
EFSA (2010) suggested the identification of vulnerable representatives of key taxa. The 
information on these representatives along with the appropriate and already available test 
endpoints and species can then be used to develop protective risk assessment schemes, 
resulting in updated and enhanced European Ecotoxicology Guidance Documents. 
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Fish are one of the key taxa in the risk assessment of pesticides. Currently, assessments of 
short-term and long-term risks due to the exposure of fish to pesticides are based on 
comparing simulated exposure concentrations in aquatic systems (FOCUS 2001) to effect 
endpoints derived from laboratory tests1 (OECD TG 203, 210, 212, 215, 229, 230, 234, 
305). For exposure assessment, the simulated concentrations adopt worst-case scenarios 
in streams, ditches and ponds that are adjacent to agricultural fields where pesticides are 
applied (FOCUS 2001).  For effect assessment, toxicity data are derived for surrogate 
species that are recommended by toxicity test guidelines. These tests are based on the 
following criteria for practicality reasons: easy to rear, widely available throughout the 
year, can be bred and cultivated in the laboratory under disease/parasite controlled 
conditions, healthy and of known parentage and/or well-studied by a ring test. The 
majority of the recommended species, however, are alien to Europe (Danio rerio, 
Pimephales promelas, Oryzias latipes, Poecilia reticulata, Lepomis macrochirus and 
Oncorhynchus mykiss). The only European fish species recommended as standard test 
species in some of these guidelines are the Common Carp, Cyprinus carpio (OECD TG 
203, 212, 305) and European three-spine stickleback, Gasterosteus aculeatus (OECD TG 
305). Assessment factors, also called safety or uncertainty factors are then used in order 
to extrapolate test results to values deemed protective for the specific situation 
(populations of native species in the field), resulting in a large degree of uncertainty that 
typically cannot be quantified (Calow and Forbes 2003).  
Ecological modelling represents a promising and refined extrapolation tool that is often 
recommended but to date is rarely used for the extrapolation of effects measured in the 
                                                 
1 Following the OECD Council decision, the Test Guideline 204 ‘Fish, Prolonged 
Toxicity Test: 14-Day Study’ was deleted on 2nd April 2014. 
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laboratory to the situation in the field (Munns et al. 2007; Grimm et al. 2009; EFSA 2010; 
Galic et al. 2010; Schmolke et al. 2010b). For ecological modelling to be useful for ERA 
one of the most important aspects is choosing the appropriate species to be simulated. 
These species do not necessarily have to be standard test species, but they should be 
representative of vulnerable ones (EFSA 2010; Wogram 2010b). The principle of 
vulnerability, as conceptualized by van Straalen (1994), can be adopted for the 
identification of representative species. This concept integrates external exposure, 
intrinsic sensitivity, and population resilience to characterize the vulnerability of a species 
to an insult (e.g. exposure to a chemical). While vulnerable representatives have already 
been identified as focal species for the pesticide risk assessment for birds and mammals 
(EFSA 2008), this has not yet been achieved for aquatic vertebrates.  
The aim of this study was to identify European fish species that are at an elevated risk of 
being exposed to pesticides in edge-of-field water bodies in the EU. A tiered filtering 
approach was applied to list fish species that are native to Europe and widespread in the 
EU and whose habitats are considered as worst cases in the exposure assessment, i.e. 
streams, ditches and ponds adjacent to agricultural fields. The resulting list was verified 
using data from monitoring studies.  
This study constructed the first of the three pillars of the vulnerability concept (van 
Straalen 1994) and thus realized the first step towards defining representative vulnerable 
fish species (focal fish species) for the ERA of pesticides for fish in Europe.  
2.2. Materials and Methods 
2.2.1. Data sources 
The Handbook of European Freshwater Fishes (Kottelat and Freyhof 2007) served as the 
main reference for this study. It is the most updated work on European fishes and includes 
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all freshwater species recorded in inland European waters including sporadic and 
diadromous ones. Nomenclature in this article strictly followed this book. Accordingly, 
populations of Gasterosteus aculeatus in Eastern European freshwaters and Northern 
European coasts were called G. aculeatus while populations from Western Europe and 
the Mediterranean basin were called Gasterosteus gymnurus. For data on distribution and 
habitat we kept the two species separate; however, for results on fish assemblages both 
species were combined as G. aculeatus / gymnurus since it was not always clear whether 
the new nomenclature was adopted or not in the reviewed literature. Also, Salmo trutta 
“the stream-resident form” was referred to as S. trutta and not S. fario, as is still done in 
many studies, because the latter name does not comply with the current nomenclature 
code. Rhodeus amarus and Squalius cephalus were sometimes referred to as Rhodeus 
sericius and Leusiscus cephalus, respectively.  For the purpose of this study, the former 
synonyms were used. Where necessary, data in this handbook on habitat and distribution 
were complemented from Dussling and Berg (2011), Vilcinskas (1993) as well as the 
online sources Fishbase (Froese and Pauly 2011) and Ecomare (Drecomm 2011). Data on 
fish assemblages were obtained from research articles and project reports.  
2.2.2. Filtering criteria to list potentially exposed species to pesticides in the EU 
During the review of the handbook by Kottelat and Freyhof (2007), the following species 
were excluded from the list of candidate species: (1) non-native to Europe since 
protection goals aim for native species, (2) extinct, and (3) native to Europe but not 
present in any of the EU member states since the scope of this list is pesticides in the EU. 
All remaining species were filtered by geographic range and habitat.  
Regarding geographic range, the aim was to list freshwater fish species representative for 
EU waters in the context of ERA, and hence the European regulation (EC 2009, Annex I) 
concerning the placing of pesticides on the market was followed, which divides the EU 
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into three mutual recognition zones as follows: zone A—North: Denmark, Estonia, 
Latvia, Lithuania, Finland and Sweden; zone B—Centre: Belgium, Czech Republic, 
Germany, Ireland, Luxembourg, Hungary, Netherlands, Austria, Poland, Romania, 
Slovenia, Slovakia and the UK; and zone C—South: Bulgaria, Greece, Spain, France, 
Italy, Cyprus, Malta and Portugal. The mutual recognition zones are defined in a way that 
the member states would have comparable plant health and agricultural and 
environmental (including climatic) conditions. For a species to be included in the list it 
had to be of wide range in at least one of the zones (cut-off value was set to absence in 
three member countries of a zone); range maps are available in Kottelat and Freyhof 
(2007), however they were complemented from Fishbase (Froese and Pauly 2011). The 
geographical ranges of species were assessed on the spatial level of zones to serve two 
purposes; (a) to exclude highly endemic or localized species from the final list of 
representative species (these species could also be potentially exposed and are important, 
but are to be considered on a national or regional scale and not the EU scale), and (b) to 
include species that are important to ERA in at least one of the zones. If we had only 
included the fish species that are widespread across the entire EU, then relevant species 
whose ranges are limited in certain zones due to climatic or geological factors would have 
been excluded from the list.  
In terms of habitat, only fish that live in streams, ditches, or ponds were considered for 
inclusion in the target species list. Species occurring only sporadically in those water 
bodies and those restricted to living in rivers, lakes, coastal lagoons, shores, estuaries, 
springs, reservoirs, rapids, and waterfalls were excluded from the list. Streams, ditches 
and ponds were used as the habitat filtration criteria since in ERA the simulated pesticide 
exposure scenarios consider these habitats as worst cases because of their high potential 
of being contaminated with pesticides when adjacent to agricultural land (FOCUS 2001). 
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2.2.3. Species list verification 
For the verification of the presence of the identified species in target water bodies, studies 
on fish assemblages in streams, ditches or ponds adjacent to agricultural land were 
included (Copp 1992; Sondergaard et al. 2005, personal communication; Ottburg 2006; 
Copp et al. 2008b; Martens et al. 2008; Clavero et al. 2009; Ottburg 2009; Benejam et al. 
2010; Liess et al. 2010; Wogram 2010a). Data from those studies were selected either 
based on the dimensions of the water bodies, or, in cases where no measurements were 
available on the investigated habitat, habitat name. Only habitat names implying small 
water-body size including streamlet, brook, pool, and pond were considered. The 
dimensions (length*width*depth) of the considered water bodies had to meet those of 
FOCUS scenarios (FOCUS 2001) for streams (100m*1m*0.29m), ditches 
(100m*1m*0.3m) and ponds (30m*30m*1m); an upper limit of about twice the FOCUS 
size was acceptable in order not to be overly restrictive in the selection of the water 
bodies to be included in the study. This step allowed verifying that the listed species 
actually occur in edge-of-field water bodies where pesticides may exist. The studies were 
distributed over all three regulatory zones (EC 2009), and thus, were considered 
sufficiently representative. 
2.3. Results 
Out of 579 fish species listed for European freshwaters (Kottelat and Freyhof 2007), 33 
species were non-native to Europe and 14 were listed as extinct. Of the remaining species, 
only 371 were recorded in at least one of the 27 EU member states. Of these, 147 were 
either highly endemic or not widespread in any of the three EU regulatory zones.  Thirty-
one species did not typically inhabit streams, ditches or ponds, and 166 did not meet both 
criteria of habitat and geographic range. Hence, 27 freshwater fish species (belonging to 
12 families) that met the required criteria remained, and were listed as potentially exposed 
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to pesticides in the EU (Table 2.1.). Full details on the 579 assessed species are available 
in Appendix I. 
Table 2.1. Widespread European freshwater fish species that are potentially exposed to 
pesticides in the EU: distribution and habitat. (-) absent, (+) present but not widespread, 
(++) present and widespread, (x) present 
Freshwater fish species native to Europe 
Widespread and potentially exposed species to pesticides in the European Union 
 Zonea  Freshwater habitat 
Species Family 
N
orth 
C
entre 
South 
 Stream
 
D
itch 
Pond 
Lake 
R
iver 
B
ack-w
aters  
C
hannel 
Anguilla anguilla Anguillidae ++ ++ ++  x x - x x - - 
Salaria fluviatilis Blenniidae - + ++  x - - x x - - 
Cobitis taenia Cobitidae ++ ++ +  x x - x x x x 
Misgurnus fossilis Cobitidae + ++ +  - x x - x x x 
Cottus gobio Cottidae ++ ++ +  x - - x x - - 
Alburnoides bipunctatus Cyprinidae + ++ +  x - - - x - - 
Barbus meridionalis Cyprinidae + + ++  x - - - x - - 
Carassius carassius Cyprinidae ++ ++ ++  - x x x - x x 
Carassius gibelio Cyprinidae + ++ ++  - x x - x - - 
Gobio gobio  Cyprinidae ++ ++ ++  x - - x x - - 
Leucaspius delineatus Cyprinidae ++ ++ +  x x x x x x - 
Leuciscus leuciscus  Cyprinidae ++ ++ +  x - - x x - - 
Phoxinus phoxinus Cyprinidae ++ ++ ++  x - - x x - - 
Rhodeus amarus  Cyprinidae + ++ +  - x x - x x x 
Rutilus rutilus Cyprinidae ++ ++ ++  x x x x x x x 
Scardinius erythrophthalmus  Cyprinidae ++ ++ ++  - x x x x x x 
Squalius cephalus Cyprinidae ++ ++ ++  x x x x x x x 
Tinca tinca Cyprinidae ++ ++ ++  - x x x x x x 
Esox lucius Esocidae ++ ++ ++  - x x x x x - 
Pungitius pungitius  Gasterosteidae ++ + +  x x x x - - - 
Gasterosteus aculeatus Gasterosteidae + ++ +  x x x x x - - 
Gasterosteus gymnurus Gasterosteidae + ++ +  x - x x - - - 
Lota lota Lotidae ++ ++ +  x - - x x x - 
Barbatula barbatula Nemacheilidae ++ ++ ++  x - - x x - x 
Perca fluviatilis Percidae ++ ++ ++  x x x x x x x 
Lampetra planeri  Petromyzonidae ++ ++ +  x - - x - - - 
Salmo trutta stream-resident Salmonidae ++ ++ ++  x - - - - - - 
a EC  2009, Annex I 
 
The family Cyprinidae had the strongest representation (approx. 48%) of all potentially 
exposed species to pesticides in the EU, followed by Gasterosteidae (approx. 11%) and 
Cobitidae (approx. 7%). Only one member of each of the families of Anguillidae, 
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Blenniidae, Cottidae, Esocidae, Lotidae, Nemacheilidae, Percidae, Petromyzonidae and 
Salmonidae was present in the list of potentially exposed species (Table 2.1.). 
Table 2.2. Monitoring studies in edge-of-field water bodies. Species constitutes (1) <10%, 
(2) btw. 10% and 40%, (3) >40% of total catch, or occurrence from total sample points or 
(-) not reported in the considered studies. Country names follow the ISO 3166-1 alpha-2 
codes. 
Water body Stream Ditch Pond Summary 
Location (a) DE 
(b) 
DE 
(c) 
GB 
(d) 
ES 
(e) 
ES 
(f) 
NL 
(g) 
NL 
(h) 
NL 
(i) 
GB 
(j) 
BE 
(k) 
DK 
Stream
 
D
itch 
Pond 
Native & widespread species typical of streams, ditches & ponds 
A. anguilla 1   1 2 1 1 1    1,2 1 - 
S. fluviatilis            - - - 
C. taenia  1    1 2 1    1 1,2 - 
M. fossilis  1          1 - - 
C. gobio  3 1         1,3 - - 
A. bipunctatus            - - - 
B. meridionalis    2 3       2,3 - - 
C. carassius      1 1 1 2   - 1 2 
C. gibelio          1  - - 1 
G. gobio 1           1 - - 
L. delineatus      1 1     - 1 - 
L. leuciscus   1         1 - - 
P. phoxinus 1  3  1       1,3 - - 
R. amarus  1    1 1     1 1 - 
R. rutilus 1     1 2  2 2 3 1 1,2 2,3 
S. erythrophthalmus    1  1 2 1 2   1 1,2 2 
S. cephalus     2       2 - - 
T. tinca 1   1  1 1 1 2 2  1 1 2 
E. lucius 1     1 1 1    1 1 - 
P. pungitius 2  1   2 2 3  1  1,2 2,3 1 
G. gymnurus/aculeatus 3  3 3  2    1  3 2 1 
L. lota            - - - 
B. barbatula 1  1         1 - - 
P. fluviatilis 1     1 1 1    1 1 - 
L. planeri  2          2 - - 
S. trutta stream-resident 1    1       1 - - 
Native 
Abramis brama      1 1 1 1   - 1 1 
Alburnus alburnus 1           1 - - 
Blicca bjoerkna 1     1 1 1    1 1 - 
Cyprinus carpio    1 1  1 1    1 1 - 
Non-native 
Carassius auratus    1      2  1 - 2 
Gambousia holbrooki    1        1 - - 
Lepomis gibbosus    1        1 - - 
Micropterus salmoides    1        1 - - 
Misgurnus anguillicaudatus    1        1 - - 
Oncorhynchus mykiss     1       1 - - 
Pseudorasbora parva 1   1      2  1 - 2 
References: (a)Wogram 2010a, (b)Liess et al. 2010, (c)Copp 1992, (d)Clavero et al. 2009, (e)Benejam et al. 2010, (f)Ottburg 2009, 
(g)Ottburg 2006 on closed ditches, (h)Ottburg 2006 on open ditches (i)Copp et al. 2008b, (j)Martens et al. 2008, (k)Sondergaard et al. 
2005, personal communication. 
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Except for Lota lota, Alburnoides bipunctatus and Salaria fluviatilis, all listed potentially 
exposed species were reported in the reviewed literature for the considered edge-of-field 
water bodies (Table 2.2.), thus, verifying their potential of being exposed to pesticides. A 
number of native and non-native species were also reported that did not meet the filtering 
criteria. The native species were Squalius laetanus and Luciobarbus graellsii, which are 
very restricted in terms of their range across Europe, and Abramis brama, Blicca 
bjoerkna, Alburnus alburnus and Cyprinus carpio, which usually live in larger water 
bodies like lakes and rivers but can occur sporadically in the target water bodies (Table 
2.2.; abundance or occurrence was less than 10 percent of the total catch or total sample 
points respectively). The non-native species were Carassius auratus, Gambousia 
holbrooki, Lepomis gibbosus, Micropterus salmoides, Misgurnus anguillicaudatus, 
Oncorhynchus mykiss and Pseudorasbora parva. In addition to these species being non-
native, which already disqualified them from entering the final list, they were also 
reported with low abundance, except for P. parva (Table 2.2; abundance or occurrence 
was less than 10 percent of the total catch or total sample points respectively for all the 
listed non-native species except the latter which was reported with abundance or 
occurrence between 10 and 40 percent). 
2.4. Discussion 
This study identified 27 freshwater fish species that are native to Europe, widespread in 
the EU, and are likely to be exposed to pesticides in edge-of-field water bodies, and thus, 
are considered representative of potentially exposed fish species in the field. However, it 
should be noted that the 27 listed species only represent a selection of fish that are 
potentially exposed to pesticides. Other species such as non-native, endemic or localized 
species, as well as species that sporadically can occur in small water bodies but usually 
inhabit bigger ones may also be exposed. Endemic or localized species only occurring in 
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a single or few countries are important for the national or regional registration of 
pesticides. However, for the purpose of this study only species were listed that are 
representative at the geographical level of the EU since they are widespread in at least 
one of the regulatory zones.   
Six of the species included in the final list (Barbus meridionalis, Cobitis taenia, Cottus 
gobio, Lampetra planeri, Misgurnus fossilis and Rhodeus amarus) are protected under the 
EU Flora and Fauna Habitats Directive (Council Directive 92/43/EEC). There are various 
reasons for endangerment, which can generally be summarized as habitat modification, 
degradation and fragmentation, predation and species competition, introduction of 
invasive species and diseases, fishing pressure and water pollution including exposure to 
pesticides (Joint Nature Conservation Committee 2007).   
Three of the potentially exposed species were not reported in any of the considered 
studies on fish assemblages. One of these species was the burbot, L. lota, which 
represents one of the more sensitive species that has been shown to disappear with the 
early onset of environmental degradation (Oberdorff et al. 2001).  Oberdorff et al. (2001) 
hypothesized that the reason for this disappearance was likely linked to agricultural 
practices, and this may be one of the reasons why this species was not detected in any of 
the agricultural areas investigated in the studies used for verification of the species list.  
Similarly, A. bipunctatus, which is known to be an indicator species for good water 
quality (Copp et al. 2010), was not reported to be present in any of the agricultural areas 
investigated by these studies. The third species, S. fluviatilis was reported in streams 
receiving pesticide runoff (Saavedra 2002 reported this species under its former name, 
Blennius fluviatilis). However, the streams where this species was typically reported in 
were of larger dimensions than those meeting the selection criteria for our study.  
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For prospective ERA of chemicals, current testing procedures and extrapolation methods 
from the lab to the field are characterized by a large degree of uncertainty, and thus, likely 
result in the over or under estimation of true risks (Calow and Forbes 2003; Stark et al. 
2004). One critical step in updating the current Ecotoxicology Guidance Documents for a 
more realistic ERA is the identification of representative vulnerable species of key taxa 
(EFSA 2010). For birds and mammals, a tiered approach stratifying species at potential 
risk by indicator species (screening step), generic focal species (first tier) and realistic 
worst-cases or focal species (higher tier) are currently used in ERA (EFSA 2008). Such 
an approach is not yet adopted for the aquatic ERA of pesticides. However, Gergs et al. 
(2011) recently identified realistic worst-case species for aquatic macro-invertebrates in 
Germany by assessing their population sustainability (reproductive traits) and re-
colonization potential (dispersal ability), and thus linked life-history traits to species 
vulnerability.  
EFSA (2010) suggested the approaches described by De Lange et al. (2009, 2010), as 
well as that adopted for birds and mammals (EFSA 2008), as references for the needed 
identification of vulnerable representatives of key taxa in aquatic environments. 
Commonly, the vulnerability of a species is defined by the species’ exposure to the 
contaminant, its intrinsic sensitivity and its population resilience. This study on fish 
focused on the first of the three components of vulnerability, the possibility of species to 
be exposed to a stressor, in this case to pesticides. The here listed species that are 
susceptible to pesticide exposure in the field can be used for the identification of 
representative vulnerable fish species for the ERA of pesticides by further assessing the 
species’ intrinsic and ecological sensitivities.  
The intrinsic sensitivity of a toxicant can only be measured in laboratory tests and is 
substance-specific (Cairns 1986). Considering the prospective risk assessment schemes 
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which have legally-binding data requirements, it would not be reasonable to replace the 
established surrogate species by native species, and hence the information gained from 
toxicity tests with standard laboratory species must be extrapolated to focal species in the 
field. The latter are to be identified ignoring toxicant specific interspecies differences in 
intrinsic sensitivity and focusing on the species' ecological sensitivity and potential of 
exposure to toxicants. For example, ERA for birds and mammals extrapolates toxicity 
data for rats or quails (standard test species) to voles and sky larks (focal species) by the 
use of assessment factors. Other approaches are also available for this extrapolation, such 
as Species Sensitivity Distributions (SSD; Newman et al. 2000, Raimondo et al. 2008) 
and Interspecies Correlation Estimation (ICE; Raimondo et al. 2010). It may also be 
possible to predict the intrinsic sensitivities of specific fish to a toxicant by combining 
toxicokinetic-toxicodynamic (TK-TD) models (Ashauer and Escher 2010, Stadnicka et al. 
2012) and in vitro screening techniques (Segner et al. 2003).  
Ecological sensitivity or population resilience can be assessed by relating effects 
measured on individuals, such as for example a reduction in offspring size, to the 
population of a species while accounting for the species’ life history and dispersal 
characteristics. Population models provide a way to compare the resilience of populations 
of different species (Forbes et al. 2009, 2010).  
Since we were able to identify the fish species that are susceptible to exposure to 
pesticides in the EU and since approaches are available to investigate the intrinsic and 
ecological sensitivities of these species, the identification of representative vulnerable 
species (focal species) for the ERA for fish seems to be achievable within the near future.  
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3.1. Introduction 
Ecological Risk Assessment (ERA) mainly relies on standard toxicity tests which deliver 
endpoints regarding the survival, growth and reproduction of test individuals. Risk 
managers, however, are in most cases interested in the abundance, biomass, demographic 
structure or density of field populations (EFSA 2010, 2013; Nienstedt et al. 2012). The 
currently adopted individual-level endpoints can easily be measured and are cost-effective 
and testing on field populations and additional species is neither possible nor favourable, 
especially in the case of vertebrates (EC 2010, 2011). Therefore, extrapolation from the 
individual to the population level is needed (Barnthouse et al. 2007; Akçakaya et al. 
2008).  
Extrapolation can incorporate a high degree of uncertainty whereby the true risks on 
exposed species may be overestimated or underestimated (Banks et al. 2010). Current 
practice in ERA adopts simplistic approaches and applies safety factors to indirectly 
account for effect extrapolation uncertainties (Elmegaard and Akkerhuis 2000) rather than 
quantifying and reducing them in an ecologically relevant way. Mechanistic effect 
population models have the potential to achieve better population-level estimations of the 
true risks (Pastorok et al. 2002; Calow and Forbes 2003; Hanson and Stark 2011, 2012 a, 
b).  
Recently, mechanistic effect population models were accepted as potential extrapolation 
tools for higher-tier ERA of pesticides (EFSA 2013) and in this context, a fundamental 
question emerges regarding the relevant species which are to be modelled. Since standard 
test species are chosen based on criteria of practicality and history of successful use and 
since their life histories and the associated population dynamics are not necessarily 
representative or protective of the situation in the field (Wogram 2010 b; Banks et al. 
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2010), it is often not feasible to model the well-studied standard test species for achieving 
more realistic population-level estimates of the true risks of pesticides. The species to be 
modelled should allow the estimation of realistic worst-cases of pesticide effects on field 
populations and the definition of these worst-cases requires knowledge of the different 
life histories of fish in the field and the consequent variability in population-level 
responses to stress. EFSA (2010, 2013) highlights the importance of identifying 
vulnerable representatives for each major taxonomic or functional group (key drivers) 
through which the impacts on relevant ecosystem services could occur. In this context, 
vulnerability refers to the degree to which a system, subsystem or system component is 
likely to experience harm due to exposure to a hazard (Turner et al. 2003). Assessing 
risks on populations of these representatives would reduce effect extrapolation 
uncertainties and result in protective yet more ecologically relevant estimations since the 
variation in life histories of actually exposed fish in the field would then be explicitly 
accounted for.  
The following species traits and characteristics can be used to determine population 
vulnerability: (1) susceptibility to exposure, (2) toxicological sensitivity and (3) 
population sustainability (van Straalen 1994; Rubach et al. 2011).This investigation 
focuses on the case of ERA of pesticides for fish and addresses the variation in population 
sustainability for potentially exposed fish species in the field.  
The susceptibility of fish to exposure to pesticides has been assessed in Chapter 2. 
Twenty seven species of fresh water fish have been identified which were native and 
widespread in Europe and inhabited streams, ditches and ponds. Twenty six of the therein 
listed species have been verified to inhabit edge-of-field surface waters (streams, ditches 
and ponds in agricultural landscapes where pesticides are applied; FOCUS 2001). This 
paper further addresses the population sustainability (Rubach et al. 2011) for 21 of the 
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therein listed fish species. Population sustainability depends on recovery processes from 
unaffected sites or from surviving individuals in refugees, in addition to the potential for a 
population to grow and propagate which is determined by the life-cycle traits of a species. 
This study exclusively handles life-cycle traits in relation to population multiplication 
rates and we refer to this relation as population resilience throughout.   
Fertility and mortality rates, also known as vital rates, are two main life-cycle traits which 
determine how populations propagate. Impacts on vital rates, whether natural (such as 
weather conditions) or manmade (such as pesticides), cannot be linearly or consistently 
related to the dynamics of populations since different rates contribute differently to 
population growth (Morris and Doak 2002; Forbes et al. 2001). Therefore, matrix 
population models were used in this study as a tool to compare the population resilience 
of the different species. These models were built around the life cycles of species and 
integrated information on lifespan, frequency of reproductive events, age or size specific 
mortality and fertility (female fecundity, egg fertilization and hatch rates, in addition to 
survival rates of fry and larvae) rates of field populations and hence provided a study 
environment which could capture the link between vital rates and field population 
dynamics (Akçakaya et al. 2008; Caswell 2001). 
The main research objectives of this study are to address the population resilience of a 
comprehensive list of fish species which are highly susceptible to pesticide exposure in 
European edge-of-field surface waters using matrix population models, and to identify 
realistic worst-case species (least resilient) as vulnerable representatives of the field 
situation for the population-level pesticide risk assessment.  
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3.2. Materials and Methods  
The analysis is performed by directly relating the demographic importance of vital rates 
(elasticity) to the resilience of populations (de Kroon et al. 2000). If a vital rate is found 
to be highly elastic then a small proportional change in its value will have a 
proportionally large effect on the population level and vice versa. A higher elasticity of a 
vital rate implies a higher effect on the population multiplication rate of a species and 
hence a lower ability of the species to cope and sustain viable populations (lower 
population resilience) in case this vital rate is reduced due to a toxic effect.  
3.2.1. The modelled species 
Starting with 27 native and widespread species which are considered highly susceptible to 
pesticide exposure in European edge-of-field water bodies (see Chapter 2, Ibrahim et al. 
2013), a subset of 21 species were modelled which are listed in Table 3.1. Sufficient life-
history data were not available for the European weather loach Misgurnus fossilis, the 
chub Squalius cephalus and the stickleback Gasterosteus gymnurus and hence they could 
not be modelled. The remaining three species were viewed as irrelevant candidates for the 
final aim of the study which was to contribute to the identification of representative 
species for the ERA of pesticides and hence they were not modelled: (1) the European eel 
Anguilla anguilla which is a long-distance migrator which reproduces at sea (Kottelat and 
Freyhof 2007), while all the other listed fish are short-distance migrators which reproduce 
in freshwater and are present in exposed edge-of-field water bodies or in connected 
bigger water bodies for almost their whole life cycle, (2) the freshwater blenny Salaria 
fluviatilis whose  presence in edge-of-field settings could not be verified in Chapter 2 and 
(3) the prussian carp Carassius gibelio since originally this species is of restricted range 
but is invasive and stocked all over Europe (Kottelat and Freyhof 2007). C. gibelio has a 
life history which is similar to that of crucian carp Carassius carassius which is also 
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potentially exposed to pesticides and is of a naturally wide geographic range and 
therefore only the latter was modelled.  
3.2.2. Software and model design 
Twenty one species were modelled using a uniform approach (Figure 3.1.); a time-
invariant Leslie matrix model assuming birth-pulse populations and a pre-breeding 
census. Age-based matrix models were designed according to Caswell (2001) and 
implemented in PopTools (Hood 2010), an add-in to Excel (Microsoft Office 2010).  
 
 
 
 
 
 
 
Figure 3.1. Conceptual diagram, node diagram and the resulting matrix. x: continuous age 
variable, i: discrete age class, Si : probability that an individual of age class i survives 
from t to t+1, Fi = number of alive offspring entering age class 1 per adult in age class i, 
fi: number of fertilized and hatched eggs per adult in age class i.  
 
The continuous age variable x was divided into discrete age classes i of a one year width. 
The life cycle of each species was sketched as a diagram where nodes represented age 
classes, arrows represented survival probabilities of individuals from one age class to the 
next (Si) and loops represented per capita fertilities (Fi). Nodes started at i=1 and values 
for i=0 were included in fertilities Fi, whereby Fi = fi-1*S0; fi accounted for the number of 
fertilized and hatched eggs per adult in age class i. In the projection matrix, nodes were 
converted to matrix columns, per capita fertilities were entered in the first row of the 
matrix, and survival rates on the matrix sub-diagonal. All other entries were zeros since 
Chapter 3 – Population resilience 
39 
 
the matrices were based on age; individuals were not allowed to remain in the same age 
class from one year to the next or to progress in age more than one projection interval (1 
year) at a time. 
3.2.3. Model parameterization 
The World Wide Web was exhaustively searched for literature under the species’ 
scientific and common names and the following key words: demographic study, survival, 
mortality, growth, reproduction, hatch, fertilization, fertility, fecundity, population, matrix 
model, Leslie, electrofishing, capture recapture and annual rates. The literature search 
was not restricted to any time interval to allow for the selection of the most complete or 
appropriate data sets. Data were collected from journal articles, books and theses. In some 
cases, more details were requested from corresponding authors. 
The gathered data on length, weight and age distributions, mortality, sex ratio of offspring 
or parents, proportion reproducing, and egg fertilization and hatch rates were used as 
needed for model parameterization. All data have been derived from field populations 
which were sampled by electrofishing or capture-recapture methods, and not controlled 
laboratory experiments, except for data on egg fertilization and hatch rates since it usually 
is not possible to estimate these parameters directly from the field. Table 3.1. lists the data 
sources and locations and habitats of the modelled populations and details on 
parameterization are given in Appendix II. 
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Table 3.1. Data sources used to derive parameter values and location and habitat of the 
main modelled populations 
Species  Location Habitat Reference 
 
Cobitis taenia 
 
Italy 
 
Stream 
 
Yasuia et al. 2009, Lorenzen 1996a,  
Marconato & Rasotto 1989, Robotham 
1981 
Cottus gobio France Stream Chaumot et al. 2006, Abdoli et al. 2005, 
Marconato & Bisazza 1988 
Alburnoides bipunctatus Belgium Stream Raikova-Petrova et al. 2011, Polacik & 
Kovac 2006, Lahnsteinera et al. 2003, 
Lorenzen 1996a 
Barbus meridionalis Greece Stream Policar et al. 2010, Lorenzen 1996a, 
Neophitou 1987  
Carassius carassius England Pond Tarkan et al. 2009, Copp et al. 2008a, 
Lorenzen 1996a, Pao et al. 1990, Laurila 
et al. 1987, Piironen & Holopainen 1988 
Gobio gobio England Stream  Palíková & Krejčí 2006, Oscoz et al. 
2005, Lorenzen 1996a, Mann 1980 
Leucaspius delineatus England Canal Beyer 2008, Gozlan et al. 2003, 
Lahnsteinera et al. 2003, Lorenzen 
1996a 
Leuciscus leuciscus England Stream Lorenzen 1996a, Hickley & Bailey 
1982, Mann & Mills 1985, 1986, 
Wilkinson & Jones 1977 
Phoxinus phoxinus England Lake Lahnsteinera et al. 2003, Mills & 
Eloranta 1985, Pitcher 1971  
Rhodeus amarus Czech Republic Lake Martin et al. 2009, Koutrakis et al. 2003, 
Lorenzen 1996a 
Rutilus rutilus Norway Stream Vollestad &  L’Abee-Lund 1987 
Scardinius erythrophthalmus Turkey Lake Vollestad &  L’Abee-Lund 1987, Klein 
Breteler 1979 
Tinca tinca Turkey Lake Benzer 2011,  Linhart et al. 2006, Balık 
et al. 2009, Lorenzen 1996a 
Esox lucius England River Nilsson 2006, Lorenzen 1996a, Mann 
1976 
Pungitius pungitius England Stream Verreycken et al. 2011, Takahashi et al. 
2005, Heins et al. 2003, Copp et al. 
2002, Toshihiko & Shigeru 1999, 
Lorenzen 1996a, Pauly 1980, Coad & 
Power 1973, Griswold & Smith 1972 
Gasterosteus aculeatus England Stream Verreycken et al. 2011, Copp et al. 
2002, Toshihiko & Shigeru 1999, 
Lorenzen 1996a, Faris & Wootton 1987, 
Pauly 1980, Wootton & Mills 1978  
Lota lota Western Europe River Worthington et al. 2011 
Barbatula barbatula Estonia River Verreycken 2011, Saat et al. 2003, 
Lorenzen 1996a, Smyly 1955  
Perca fluviatilis Northern 
Europe 
General Hanson 2009 
Lampetra planeri England Stream Krappe 2004, Hardisty 1963, 1961 
Salmo trutta stream-resident France Stream Capra et al. 2003, Chaumot et al. 2003, 
Gouraud et al. 2001 
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Age-specific survival rates of field populations were obtained from literature as follows: 
(1) Values were directly used when readily available from published age-based models or 
from demographic studies which sampled a field population during two consecutive years 
and calculated survival rates as Nt+1/Nt whereby N is the number of individuals in an age 
class during a certain year. (2) In cases where such age-specific survival rates were not 
available, values were obtained by transforming available average instantaneous annual 
rates of mortality (Z) to discrete annual survival (S) using the formula S = e-z. (3) When 
weight at age was available from demographic studies and good estimates according to 
(1) and (2) were missing, age-specific instantaneous mortality rates were obtained using 
the relationship developed for fish by Lorenzen (1996a). Generally, survival values 
accounted for natural mortality and if relevant to the population being modelled, fishing 
pressure. When survival rates significantly differed between males and females, averaged 
values for both sexes were used otherwise, data on females only were considered.  
Here and throughout the study, in accordance with Caswell (2001), fertility described the 
actual reproductive performance and fecundity denoted the maximum physiological 
reproduction (number of eggs). Per capita fertility values Fi referred to the number of live 
offspring per adult of age class i who entered the cycle at age class 1 after surviving age 
class 0. These values were obtained as the product of the following: survival of recruits 
from hatch to age 1 (S0), the proportion of adults that were reproducing (assumed to be 
100% when no data were available), number of eggs spawned per female (fecundity), and 
hatch success (egg fertilization and hatch rates in addition to cannibalism and fingerling 
predation where appropriate). For species where data on only females were used to 
calculate age-specific survival rates, a 1:1 sex ratio of offspring was assumed and hence 
fertility was multiplied by 0.5 to account for new-born females only.  For species where 
data for both males and females taken together were used to calculate age-specific 
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survival rates, the adult sex ratio (females/males) was included in fertility values as 
obtained from literature since only females laid eggs.  
For better comparable results, the range of values for the derived 21 population 
multiplication rates (λ) was reduced using parameter values as needed, within their 
published range, to minimize λ when its value exceeded two (Spromberg and Birge 2005).  
When several populations had been studied for a certain species, the most complete data 
set was selected and then complemented as appropriate. Preference was given to data sets 
that were derived from unexploited field populations. That was achievable for all the 
modelled species but one, the tench Tinca tinca, whose population model accounted for 
fishing pressure. In some cases age-based matrix models were readily available and 
therefore were used with slight modifications for uniformity.  
Some species had highly plastic life histories which allowed them to cope with 
contrasting environments and to exist across wide geographic ranges. For such species, 
authors usually compared their results to other similar studies on the same species, and 
when it had been stated that a certain population showed population dynamics that tended 
to be extreme as compared to usually reported values, we avoided using the data set. 
Populations which had intermediate reported values were preferred if complete datasets 
were attainable. For example, the stone loach Barbatula barbatula had an absolute 
fecundity of 10620 in England, 4651 in Estonia and 1372 in Finland (Saat et al. 2003). In 
this case, the Estonian population which had intermediate fecundity values was modelled. 
Another example is the Eurasian minnow Phoxinus phoxinus populations. Mills (1987, 
1988) had reported a fast growing population in a highly productive stream in southern 
England (maturity at 1 to 2 years of age, lifespan of 2 to 3 years) and slowly growing 
populations in the Finnish Lapland (maturity at 6 or 7 years of age, lifespan 9 to 13 
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years). Populations in the temperate climatic region had intermediate life-history 
characteristics (maturity at 2 to 3 years of age, lifespan of 3 to 4 years) and hence were 
modelled in this study (Pitcher 1971).  For the case of the European perch Perca 
fluviatilis, Heibo et al. (2005) had reported life-history traits for 75 populations at 
different latitudes for which age at maturity ranged between two to six years and lifespan 
between five and sixteen years. In this study we used a pre-existing matrix model 
(Hanson 2009) for average northern populations (maturity at 3 to 4 years of age and 
lifespan 12 to 13 years).  
3.2.4. Elasticity analysis on matrix elements 
First, the matrix elements were categorized as juvenile survival, adult survival and 
fertility. Age classes where reproduction did not take place (Fi=0) were referred to as the 
juvenile classes, excluding age class zero which was considered as the fry and larvae age 
class and whose vital rates were included in fertility values. Age classes where 
reproduction took place (Fi≠0) were considered as adult.  In short, fry and larvae were 
individuals of age zero to one, juveniles were individuals of age one till first reproduction, 
adults were individuals which were reproducing or have at least reproduced once.  
For each of the 21 species, a baseline projection matrix (A0) was constructed following 
Figure 3.1., using the data obtained from literature as detailed in Appendix II. Then, the 
basal population multiplication rate was calculated for each matrix as the dominant 
eigenvalue (λ0). The influence of each non-zero matrix element aij (row i, column j) on λ0 
was assessed by calculating its elasticity value which is defined as the proportional 
change in λ0 relative to the proportional change in the matrix element. Elasticity was 
calculated in two ways: 
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The first way was done analytically, by partial derivation using PopTools (Hood 2001) 
and yielding an elasticity value according to this formula eij = (aij/λ0)(∂λ0/∂aij) for each 
matrix element. Then, absolute values of elasticity were summed for the matrix elements 
as grouped for juvenile survival, adult survival and fertility in order to simultaneously 
consider their relative contributions to λ0.  
The second way was done manually whereby matrix elements corresponding to juvenile 
survival, adult survival, or fertility were reduced by 10, 20, 30, etc % to obtain a new 
projection matrix (Ax) with a dominant eigenvalue λx and then (1- λx/λ0) were plotted in 
the form of effect-response curves (Figure 3.3.). These plots allowed visualizing the 
differences in responses of the different species and to quantitatively link a hypothetical 
effect on a life-cycle trait to the population-level response of a species.  
3.3. Results 
3.3.1. Life-cycle traits and model parameterization 
The 21 age-based matrix models are presented in Figure 3.2. as life-cycle diagrams 
including the parameter values. The diagrams also show the classification of the matrix 
elements into juvenile survival, adult survival and fertility and give the calculated λ0 value 
for each species. The life-history traits of the considered field populations are summarized 
in Table 3.2.  
In reference to Figure 3.2. and Table 3.2., the species whose considered field populations 
had the shortest lifespan were the sticklebacks Pungitius pungitius and Gasterosteus 
aculeatus, and P. phoxinus which lived up to four years, and that which had the longest 
lifespan is P. fluviatilis which lived up to 13 years. All the considered species reproduced 
annually and at least twice during their life time except for L. planeri (Figure 3.2.) whose 
adults died around two weeks after first reproduction (Malmqvist 1983) and hence were 
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the only semelparous fish species living in small potentially exposed water bodies. Time-
to-first reproduction ranged between two and six years between the different modeled 
populations and none of the modelled species had individuals which reproduced during 
their first year of life. 
Table 3.2. Main life-history traits which were considered in the presented models and 
values as obtained or derived from literature. For more details see Appendix II. The 
identified least resilient species are highlighted in bold. 
Species Life 
span 
(yr) 
Time to 1st  
reproduction 
(yr) 
Reproductive 
seasons 
(life-time-1) 
Mean absolute 
fecundity 
(eggs.female-1) 
Hatch 
success 
(fertilization 
& hatch) 
Fry & 
larval 
survival 
(S0) 
C. taenia  4 3 2 2902 0.61 0.07 
C. gobio 7 2 5 425 0.65 0.12 
A.bipunctatus 6 2 3 2370 0.77 0.05 
B. meridionalis 5 2 3 4943  0.03* 0.11 
C. carassius 7 3 4 5430 0.05 0.09 
G. gobio 6 2 4 2581 0.19 0.04 
L. delineatus 6 2 4 320 0.77 0.09 
L. leuciscus 9 3 6 5787 0.09 0.11 
P. phoxinus 4 2 2 967 0.85 0.02 
R. amarus 5 2 3 155 0.63 0.04 
R. rutilus 10 3 7 7530 0.03 0.31 
S. erythrophthalmus 8 2 6 12213   0.16** 0.09 
T. tinca 9 3 6 13301 0.4 0.12 
E. lucius 9 2 7 59338 0.04 0.10 
P. pungitius 4 2 2 1573 0.95 0.01 
G. aculeatus 4 2 2 2060 0.8 0.01 
L. lota 6 2 3 97918 Included in S0 0.001 
B. barbatula 6 2 4 9901 0.5 0.04 
P. fluviatilis 13 4 9 51000 0.02 0.1 
L. planeri 7 6 1 1500 0.05 0.6 
S. trutta  5 3 2 264 0.8 0.06 
*Accounts for typically over-ripe un-spawned eggs (57%) **Accounts for typical heavy predation on 
fingerlings (43%) 
The components of fertility varied between the different considered species (Table 3.2.) 
whereby mean absolute fecundity ranged between 155 amd 97918 eggs per female (ca. 
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600 fold), hatch success ranged between 0.02 and 0.95 and fry and larval survival 
between 0.02 and 0.6.  
Figure 3.2. Life-cycle diagrams and parameter values for the 21 modelled species. 
Diagrams were produced using PopTools (Hood 2010) 
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3.3.2. Elasticity analysis 
It appears that although elasticity was estimated by partial derivation which calculates 
infinitesimal changes in λ0 as a result of infinitesimal changes in vital rates, the resulting 
pattern of elasticity values (Table 3.3.) agrees with the produced effect-response curves  
(Figure 3.3.) which were based on calculations of proportional changes in λ0 that resulted 
from relatively larger proportional changes in vital rates. 
Table 3.3. Summed elasticity of λ to changes in vital rates. The identified least resilient 
species are highlighted in bold. 
 
Considering the modelled 21 species (Table 3.3.), juvenile survival appears to be the vital 
rate with the highest demographic importance (summed elasticity between 28 and 83 %), 
followed by fertility (summed elasticity between 17 and 49 %) and adult survival 
(summed elasticity between 0 and 45 %). However, no generally consistent pattern could 
Species Juvenile survival Adult survival Fertility 
C. taenia  60.36 9.47 30.18 
C. gobio 30.49 39.02 30.49 
A.bipunctatus 45.06 9.89 45.06 
B.meridionalis 40.14 19.72 40.14 
C. carassius 51.56 22.65 25.78 
G. gobio 37.42 25.17 37.42 
L. delineatus 46.50 7.00 46.50 
L. leuciscus 38.44 42.34 19.22 
P. phoxinus 48.78 2.45 48.78 
R. amarus 36.04 27.91 36.04 
R. rutilus 39.96 40.06 19.98 
S. erythrophthalmus 60.12 19.84 20.04 
T. tinca 64.68 2.97 32.34 
E. lucius 27.63 44.74 27.63 
P. pungitius 43.54 12.91 43.54 
G. aculeatus 42.70 14.60 42.70 
L. lota 60.09 9.86 30.05 
B. barbatula 45.34 9.33 45.34 
P. fluviatilis 60.12 19.84 20.04 
L. planeri 83.33 0.00 16.67 
S. trutta  57.13 14.31 28.56 
Chapter 3 – Population resilience 
48 
 
be found relating the ranking of elasticity per species. Fertility and juvenile survival rates 
equally contributed to the population multiplication rates in 71% of the modelled cases 
(Figure 3.3. and Table 3.3.).  
Figure 3.3. Proportional effects on λ per species in response to proportional reductions in 
vital rates.  
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The following species were revealed to have the least resilient populations based on the 
performed analysis (highest elasticity value or proportional effect on λ) when faced with 
different types of stress as compared to the other considered potentially exposed species 
(Table 3.3.): P. phoxinus (49% elasticity to fertility) for cases where pesticides (or other 
stressors) may cause the death of fry and larvae (lethal effects) or reduce the fecundity or 
egg fertilization or hatch rates (sub-lethal effects), E. lucius (45% elasticity to adult 
survival) for cases where stressors may cause the death of reproductively mature 
individuals, and L. planeri (83% elasticity to juvenile survival) for cases where stressors 
may cause the death of reproductively immature individuals.   
The difference between species appears to be pronounced for elasticity to juvenile 
survival whereby the closest summed elasticity value to that of the identified L. planeri 
life history was that of T. tinca life history (65%) and hence L. planeri may be considered 
as a clearly defined worst-case species for population-level effects due to reduction in 
juvenile survival. This was not the case for elasticity to fertility and to adult survival; S. 
erythrophthalmus populations (48% elasticity to fertility) and L. leuciscus populations 
(42% elasticity to adult survival) were not considerably different from P. phoxinus and E. 
lucius populations respectively. 
By visually comparing the life-cycle characteristics of the considered species in Figure 
3.2. and Table 3.2., one can make a general conclusion on the life-history characteristics 
which rendered the identified least resilient species more vulnerable to certain types of 
stress: P. phoxinus was a relatively short-lived species (lifespan 4 years) with relatively 
low average annual survival rates (Pi = 0.04 and 0.14), and a short juvenile stage (1 year). 
For this species, fertility appeared to be the most important factor which contributed to 
population growth (Table 3.3.). L. planeri had a relatively intermediate lifespan (7 years) 
with relatively high Pi values (0.45 and 0.6), an extended juvenile stage (5 years) and a 
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very short adult stage (1 year, 1 reproductive season per lifetime). For this species, it was 
revealed that survival through the long juvenile stage which ended in metamorphosis to 
adults, consequent reproduction and death shortly afterwards, was crucial to secure the 
propagation of populations (Table 3.3.). E. lucius had a relatively long lifespan (9 years), 
with relatively high Pi values (0.53), a short juvenile stage (1 year) and an extended adult 
and reproductive stage (7 years, up to 7 reproductive seasons per lifetime). For this 
species, the survival of adults from one reproductive season to the next appeared to be the 
factor which contributed most to population growth (Table 3.3.). 
3.4. Discussion 
This study used population modelling which is built around the life cycles of different 
fish species in order to compare the demographic importance of their vital rates. This 
allowed the comparison of their population resilience and hence the potential to sustain 
their populations in case of exposure to pesticides of different modes of action, namely 
pesticides causing hypothetical reductions in fertility, juvenile survival or adult survival. 
Such a comparison needs a uniform study environment which is of an adequate level of 
complexity and yet not highly data demanding. Those needs were met in this study by 
using matrix models (Caswell 2001). 
3.4.1. Model design 
Model design is major factor that affects the results of this study since the way life cycles 
are divided into classes influences the calculated demographic importance of vital rates. 
In order to render study outcomes comparable not only within but also among species, it 
was possible to perform this investigation using either stage-based models which are of 
uniform structure (same number of stages) or age-based models with a uniform time-step 
(Enright et al. 1995). Because age-based data have been routinely collected in 
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demographic studies on fish populations and fisheries since the 1800's till this day 
(Jackson 2007), Leslie models were chosen for this study to simplify parameter 
calculation from the readily available data in published and unpublished literature.  
The used Leslie models assume time-invariance of vital rates and this assumption is 
appropriate as long as the aim of the analysis is to project the population given the 
underlying assumptions and not to precisely predict future population dynamics (Caswell 
2001). Such models were used here since they were the simplest demographic models that 
served the purpose of this study and since sufficient data was not always available to 
build time-variant models.  
Two observations could be attributed to model design in this study. First, the equal 
demographic importance of fertility and juvenile survival which was observed for 71% of 
the species may be attributed to the inherent property of elasticity whereby the summed 
elasticity of the entries in the first row of the projection matrix, which stand for fertilities, 
is always equal to that of the first column of the same matrix (Caswell 2001). In the case 
of these fish species, the first column stands for the whole juvenile stage (i.e. length of 
juvenile stage for these fish is one year). Second, although mean absolute fecundity 
values as used from literature varied greatly between species (ca. 600 fold between the 
lowest and highest value), the observed variation in the resulting summed elasticity 
values of fertility was smaller than one might expect (elasticity values ranged between 17 
and 49 %). This could be explained by the fact that fecundity is not the only component 
of fertility since other factors contributed to the calculated fertility rates, mainly hatch 
success rates and fry and larval survival rates (Table 3.2.) which in turn varied due to the 
different reproductive guilds of the considered fish, which included guarding nest 
spawners, nonguarding brood hiders and nonguarding open substrate spawners (Balon 
1975).  
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3.4.2. Model parameterization 
We decided to make use of available knowledge in existing literature and unpublished 
project reports and theses. Because parameter values were derived from field data and not 
from controlled laboratory tests, the calculated survival and fertility rates accounted for 
the net effects of the interaction of the individuals in a population (e.g. competition, over-
crowding) and of the individuals and their environment (e.g. food availability, predation). 
The models did not explicitely incorporate life-cycle plasticity, rather the models were 
parameterized for moderate populations. Sufficient data was found on mortality rates as 
well as the age, size and weight distributions and fecundity of most of the listed species, 
however, for most of the species data from different studies had to be combined to get a 
full dataset. Hence, model parameters represented empirical values that were derived 
from combinations of field studies and therefore the resulting models were suitable for 
purposes of comparison of the different life histories in order to make a general statement 
on population resilience and its variability in the field, they are not applicable for precise 
predictions of population dynamics.  
A birth-pulse reproduction pattern (Caswell 2001) was assumed for parameterization 
since it accurately described the studied fish species whose reproduction was annual 
(Table 3.2.). In birth-pulse populations, reproduction is limited to a short breeding season 
within the projection interval. Ideally, when modelling such populations, individuals 
should reproduce on their birthday, and this is translated in practice by performing field 
censuses just before or just after breeding (pre- or post-breeding censuses).  
A pre-breeding census was assumed for model parameterization since it allowed a better 
separation of the vital rates that were to be analysed whereby fertility rates (Fi) in a pre-
breeding census included S0, the survival probability of individuals from age zero to age 
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one rather than Si, the survival of adults in an age class where reproduction took place in 
a post-breeding census (Caswell 2001). Had a post-breeding census been assumed, then it 
would not have been possible to separate adult survival from fertility in the elasticity 
analysis which was performed on the projection matrix elements. 
3.4.3. Ecological view 
Population sustainability can be assessed by considering the internal and external 
recovery processes (e.g. immigration from unaffected sites and surviving individuals in 
refugees) in addition to life-cycle traits which influence the rate of population growth. 
Studies have been performed on fish community recovery after habitat perturbation 
(Detenbeck et al. 1992) or toxic stress (Olmsted 1974) or a combination of both (Lelek 
and Kohler 1990). Different species and cases showed different recovery times. However, 
all the species which were considered in this study had annual reproductive cycles and 
thus; it is obvious that short term recovery of their populations from lethal effects of 
pesticides cannot be expected to happen due to population re-growth, more likely it might 
happen due to immigration from connected water bodies. Moreover, protection goals for 
fish aim for avoiding visible mortality including such incidents where a big proportion of 
a population is killed taking a species years to recover its population (EFSA 2010, 2013). 
Hence, population resilience as assessed in this study in direct relation to the life-history 
characteristics of the considered species is found to be a more appropriate approach.  
3.4.4. Implications for ERA 
The results of this paper and the accompanying appendix (Appendix II) provide a dataset 
and guide to data sources which can be very useful for modelling applications in ERA of 
pesticides in Europe since they reflect the variation in the life histories of the species that 
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are most likely exposed to pesticides in the environment and hence the variation in 
population-level responses to possible toxic stress. In this context we mention two 
recently exemplified modelling approaches which aimed to reduce and quantify the 
uncertainty in population-level effect extrapolations by relying on the life-history 
information of a group of species (Banks et al. 2010; Hanson and Stark 2011). Both 
approaches have used, for exemplification, a set of five generic stage-based matrix 
models, representing different life histories and generally assuming a uniform length of 
one year for each of the young-of-the-year, juvenile and adult stages, except for long-
lived species whose adult individuals were left to live longer. Our study presents 21 age-
based matrix models which explicitly included information on the lifespan and time-to-
first reproduction in addition to survival and fertility rates for a comprehensive set of fish 
species which have been transparently listed and verified to be highly susceptible to 
pesticide exposure in Europe (see Chapter 2, Ibrahim et al. 2013).  
Assuming a toxic effect to be an alteration in the vital rates of a species, this study 
assesses the population resilience of the potentially exposed fish. Since it is the job of risk 
assessors to provide and assess all options and since it is the responsibility of risk 
managers to define the final protection goals, we did not exclude lethal effects of 
pesticides from our analysis although it may be decided by risk managers to avoid visible 
mortality and thus to protect fish from lethal effects on the level of individuals (EFSA 
2013).  
3.4.5. Conclusion 
This study showed that it is not possible to conclude one least resilient species/life cycle 
for all types of stresses. For example, L. planeri which had the highest population 
sensitivity to effects on juvenile survival had no sensitivity to effects on adult survival 
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and the lowest sensitivity to effects on fertility when compared with the other assessed 
species. To perform a protective and more ecologically relevant ERA of the field 
situation, L. planeri can only serve for cases where effects might occur on reproductively 
immature individuals, other effects will be highly underestimated.  The same logic applies 
to the other assessed and identified species. Hence, the following least resilient species, 
one per assessed type of stress, were concluded; P. phoxinus for effects on fertility (can 
be lethal or sub-lethal), L. planeri for lethal effects on juveniles and E. lucius for lethal 
effects on adults (Table 3.3.). Mainly, a short lifespan and relatively low annual survival 
rates contributed to population vulnerability in the first case, a long lifespan, relatively 
high annual survival rates and an extended juvenile stage contributed to population 
vulnerability in the second case, and in the third case, a long lifespan, relatively high 
annual survival rates and an extended adult stage.  
In order to fully address the population vulnerability of the considered species, 
toxicological sensitivity should also be taken into account. It was not possible to consider 
toxicological sensitivity in this study for several reasons: First, toxicity data are not 
available for most of the considered species since they are not standard test species. 
Second, it is neither practical nor desirable to perform tests on field fish species due to 
ethical reasons and issues with practicality of handling the species in the lab and the 
reproducibility of test results. Third, toxicological sensitivity is substance specific and 
this makes it impossible to identify a generally most sensitive species to pesticides even if 
rigorous tests were to be performed (Cairns et al. 1986).  
In this context, we suggest considering the identified least resilient species in this study as 
representatives (worst-case exposed life histories in the field) whose populations should 
be mechanistically modelled. Combining the measured effects from standard fish bio-
tests with mechanistic population models of these species would not result in realistic 
Chapter 3 – Population resilience 
56 
 
estimations of true risks however it would result in more certain estimations and a 
protective and ecologically relevant assessment for field conditions in Europe. 
There are several ways to extrapolate toxicity data from the test to the modelled least 
resilient species. One way to handle the interspecies variability in toxicological sensitivity 
in the field is to adopt current practice in ERA which uses safety factors to extrapolate 
from tested to untested species. Safety factors would vary according to the amount and 
quality of available toxicity data for the case under study (Elmegaard and Akkerhuis 
2000; Newman et al. 2000; Raimondo et al. 2010). Another way would be to use trait-
based approaches (Rubach et al. 2010, a promising method on mode-specific sensitivity 
ranking, MSS) to link traits of species of concern to expected toxicological sensitivity. 
However, trait-based methods are under development and more effort is still needed 
(Baird and van den Brink 2007). Also, modelling approaches which can account for 
individual damage and repair processes to predict toxicity to fish based on in vitro data 
are another promising tool (Stadnicka et al. 2012).  
In short, we could apply population modelling to link the life-cycle traits of a species to 
its population vulnerability and to suggest field species which are suitable for modelling 
in service of population-level extrapolation in higher-tier ERA for pesticides in Europe. It 
was possible to parameterize 21 age-based models by solely relying on published 
demographic studies. These matrix population models provided a unified environment 
which served as a virtual laboratory for the comparison of population resilience of fish 
populations when faced with hypothetical pesticides that affect juvenile survival, adult 
survival or fertility. We identified one least resilient species per considered type of stress 
and concluded that it is not possible to identify one single species which is least resilient 
to all types of stress, including lethal and sub-lethal effects. This is mainly due to the fact 
that population dynamics result from a balance between mortality and reproduction; an 
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increase in the demographic importance of one is associated with a decrease in the 
demographic importance of the other. The matrix models presented here allowed the 
projection of effects on vital rates on population multiplication rates in service of 
comparing life histories of fish in the field, but they do not allow precise prediction of 
toxic effects and the future population structure and dynamics, which would be needed in 
ERA. Therefore, more detailed population models which can account for important 
mechanisms such as behaviour and density dependence should be developed for the 
identified species. Depending on the final protection goals, such a population model 
would at least be needed for the extrapolation of sub-lethal effects to the population level 
i.e. a detailed model for P. phoxinus. 
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Chapter 4: An individual-based population model for 
the minnow, Phoxinus phoxinus, as a focal species for 
ERA of pesticides: model development, testing and a 
first demonstration of applicability 
 
The Minnow IBM is documented in a complete TRACE document (Chapter 5) 
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4.1. Introduction 
A high level of protection against any unacceptable effects which the application of 
agricultural pesticides might have on the environment is the general protection goal which 
is set out by the European Commission (EC) Regulation No 1107/2009 (EC 2009). 
Ecological risk assessment (ERA) is among the information sources which guide 
decisions regarding the placing of a certain agricultural pesticide on the market. It is a 
science-based procedure which estimates the threats that might be posed on the 
environment upon pesticide application by analysing both exposure and effects. The 
above-mentioned general protection goal has long been criticized to be inadequate for 
designing ERA schemes. Accordingly, a framework was proposed by the European Food 
Safety Authority (EFSA) panel on pesticides and their residues (EFSA 2010) to define 
specific protection goals (SPGs) for key drivers (main groups of organisms) providing 
ecosystem services which could potentially be affected by pesticides. SPGs were 
proposed to be defined in six dimensions whereby they should clearly specify the 
biological entities which are to be protected, their attributes which are to be considered 
while assessing risks, the intended protection level in terms of magnitude of acceptable 
effects in space and time, in addition to the required degree of certainty that the specified 
level of effect will not be exceeded. 
For the updated aquatic risk assessment of pesticides, SPGs were suggested and guidance 
on tiered risk assessment for aquatic organisms in edge-of-field surface waters was 
proposed by EFSA (2013) to protectively address the suggested SPGs based on the 
framework suggested by EFSA (2010). Till this day, the aquatic exposure assessment 
methodology has not been revised and therefore the current guidance assumes that the 
current FOCUS surface water exposure assessment methodology (FOCUS 2001) will 
continue to be used at the level of the European Union. The risk assessment scheme 
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(EFSA 2013) is designed to address the SPGs based on two options, (1) the ecological 
threshold option (ETO) which accepts only negligible effects on organisms or populations 
and (2) the ecological recovery option (ERO) which accepts some population level effects 
if recovery takes place within an acceptable time period. The proposed SPG for the 
aquatic-vertebrates key driver are the allowance of only negligible effects on the survival 
of individuals, and on the abundance and biomass of populations (Table 4.1.), and 
therefore, only the ETO option applies in this case. This key driver covers both fish and 
amphibians, however amphibians are considered to be sufficiently covered by fish risk 
assessment. 
Table 4.1. Specific protection goals for aquatic vertebrates (i.e. fish according to current 
practice in ERA) in edge-of-field surface waters under the ecological threshold option 
(reconstructed from EFSA 2013). NA: not applicable 
Ecological 
entity  
Attribute  Effect 
Magnitude  
Temporal 
scale  
Spatial  
scale 
Degree of 
certainty 
Individual Survival Negligible NA Edge-of-field High 
Population Abundance & 
Biomass 
Negligible NA Edge-of-field High 
 
EFSA (2013) provides guidance for its proposed assessment scheme, whereby a tiered 
approach is followed leading to the derivation of regulatory acceptable concentrations 
(RACs) of pesticides in edge-of-field surface waters. The tiered scheme starts with 
conservative and simple assessments (Tier 1 and 2 based on single-species laboratory 
toxicity tests and the possibility of complementation with toxicokinetic/toxicodynamic 
(TK-TD) models at Tier 2 to better address risks of time-variable exposures). The scheme 
moves on to more complex and data demanding assessments only when the consideration 
of population- and/or community-level responses is found necessary. Higher-tier 
assessments may include population- and community-level experiments and models at 
Tier 3 and field studies and landscape-level models at Tier 4. Regarding experimental 
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approaches and field studies, RACs are defined at each tier as a composite of measured 
effect concentrations and applied assessment factors which are designed to protectively 
account for uncertainties of extrapolation from the lab to the field (Elmegaard and 
Akkerhuis 2000). Realism and certainty increases at higher tiers and detailed guidance on 
the derivation of RACs based on experimental approaches and field studies were recently 
made available (EFSA 2013). 
On the one hand, SPGs for fish address the survival of individulas. Individual survival is 
handled in acute effect assessment using the fish acute toxicity test on rainbow trout 
(Oncorhynchus mykiss) at Tier 1 (OECD TG 203 as a legal data requirement; EC 2011, 
2013). In line with the aforementioned SPG, the refinement for acute effect assessment 
for the case of fish is only relevant at Tier 2 via testing additional species (Geomean 
assessment factor approach or Species Sensitivity Distributions), modified exposure tests 
and TK-TD modelling (for details see EFSA 2013). In other words, the assessment of 
population and community responses at Tiers 3 and 4 for RAC refinement is not relevant 
in this case. On the other hand SPGs for fish address also sub-lethal effects which might 
have consequences on population abundance and biomass. Sub-lethal effects are 
measured in chronic toxicity tests, i.e. early life-stage tests (OECD TG 210) or full life-
cycle tests (FLCT; e.g. OECD 2014 a, b1) as Tier-1 legal data requirements for chronic 
                                                 
1 For Tier 1, European Commission regulations (EC 2011, EC 2013) strictly specify the toxicity tests that 
must be performed. Tests should follow recognized test guidelines (TG) of the Organisation for Economic 
Co-operation and Development (OECD) for testing of chemicals (www.oecd.org). OECD has not yet 
adopted a TG for FLCT, two draft OECD TGs are available to this date (March 2015); The Medaka 
Multigeneration Test (MMT, OECD 2014b) and the Medaka Extended One Generation Test (MEOGRT, 
OECD 2014 a) which are being validated. Test guidelines are being developed for the Japanese medaka 
(Oryzias latipes) based on the Medaka FLCT (Ministry of the Environemnt, Japan 2002). The medaka is the 
only suitable species for MMT, however other species may also be suitable for MEOGRT. Till a final 
FLCT OECD TG is adopted, available life-cycle toxicity test methods are being used in ERA e.g. those 
developed for the medaka (Ministry of the Environemnt, Japan 2002), the fathead minnow (Pimephales 
promelas, Benoit 1982), the sheepshead minnow (Cyprinodon variegatus, Hansen et al. 1978) and for 
zebrafish (Danio rerio, Nagel 1998). 
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effect assessment (EC 2011, 2013). Based on the aforementioned SPGs, the assessments 
of population and community responses (Tiers 3 and 4) are applicable for RACs 
refinement, in addition to testing further species and modified exposure tests at Tier 2. 
Non-experimental approaches are preferable over experimental ones as higher-tier 
refinement options, especially since population-level experiments on fish (Tier 3) and 
field studies (Tier 4) are not practical and since vertebrate testing should be performed 
only as a last resort due to animal welfare concerns (EC 2010).  Population and/or 
community models are proposed as suitable non-experimental refinement options at Tier 
3, in addition to landscape-level models at Tier 4 (EFSA 2013).  
In order to achieve a more ecologically relevant ERA of pesticides for fish in Europe with 
the help of population models (at Tier 3), the modeled species should be representatives 
of the vulnerable ones in edge-of-field water bodies (focal species; EFSA 2010, 2014). It 
was concluded in Chapter 3 that there exists no single fish species which is representative 
of all the other vulnerable species and all the possible types of adverse effects. The 
Eurasian minnow, also known as the common minnow or minnow (Phoxinus phoxinus) 
was the proposed focal fish species to be modelled for population-level assessments of 
pesticides which may adversely affect reproduction, specifically fecundity, fertility, 
hatching (hatchability and time-to-hatch) and larval survival (see chapter 3, Ibrahim et al. 
2014). An individual-based model (IBM) for P. phoxinus is presented herein, and is 
referred to as the Minnow IBM throughout.  
4.2. The Modelled Focal Species 
P. phoxinus is a small fresh water fish in the carp family, Cyprinidae, and can be shortly 
characterized as follows (based on Kottelat and Freyhof (2007) and Hesthagen and 
Sandlund (2010) and references within). The species is ubiquitous in almost all of Eurasia 
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and is found predominantly in cool streams and well-oxygenated lakes and ponds. The 
minnow diet varies with the size of fish, the time of the year, and the available food 
(vertebrates, detritus and algae). The species is gregarious, living in large shoals, and 
spawns in April to June (depending on latitude and altitude) at temperatures above 10 °C, 
preferably over gravel substrate. Males guard the spawned eggs till hatch and high adult 
mortality flanks reproduction due to factors including exhaustion, injuries, distraction 
from predator avoidance, in addition to sexual dimorphism. The life-history traits of P. 
phoxinus (e.g. longevity, sexual maturity, growth rate) vary considerably with latitude 
and altitude. Growth rates vary also between the sexes resulting in larger females as 
compared to males of similar age. Minnows can live up to 11 years, with an average life-
span of four to five years. Herein, the Minnow IBM simulates a population which 
represents those in the temperate climatic region. 
4.3. A Short Overview of the Modelling Process 
The modelling process of the Minnow IBM was thoroughly documented in line with the 
latest European recommendations for modelling practice in service of ERA (EFSA 2014). 
The resulting TRAnsparent and Comprehensive model Evaludation document (TRACE, 
Grimm et al. 2014) constitutes Chapter 5. This overview is a summary of the contents of 
the Minnow IBM TRACE document according to its eight constituent elements, whereby 
main ideas and findings only are highlighted.  
4.3.1. Problem formulation  
The decision making context of the Minnow IBM is the authorization of pesticides in 
Europe, as adressed in the introduction of this chapter. Simplifying assumptions and 
model limitations have to be taken into account when interpreting model output.  
Chapter 4 – An IBM for a focal species 
65 
 
The following population-level response variables were defined for the presentation of 
model output when performing simulation experiments (model analysis in section 4.3.7. 
and model application in section 4.4):  
(1) Population abundance expressed as the total number of minnow individuals; 
(2) Population biomass expressed in terms of biomass density i.e. the total weight of 
individuals divided by the modeled area; 
(3) A simplified form of demographic structure of the population expressed as the 
proportion of juveniles from the total population of juveniles and adults.  
The first two response variables are specified in SPG for population-level ERA of 
pesticides for fish (EFSA 2013, Table 4.1.). Population structure was additionally 
considered for model analysis since model output verification results (section 4.3.6.) 
raised interest around it. The day just before the beginning of the annual spawning season 
(April 30), was the assessment time-point for which the population-level response 
variables were calculated. This time-point was suggested based on model output 
verification which showed that length-frequency distributions around the beginning of the 
spawning season are correctly predicted by the current simplified model implementation 
and that later during the year predictions become less accurate. 
4.3.2. Model description  
The model’s entities are fish individuals and the environment (Table 4.2.). Fish belonging 
to life stages where exogenous feeding occurs (juveniles and adults) constitute the 
individuals of the IBM. Eggs and larvae (till the complete resorbtion of yolk sac and 
swim-up) are not explicitly represented. Rather, the number of juveniles recruited on a 
certain day is determined using species-specific parameters of fecundity, hatch success 
and larval survival. The environment is characterized by its carrying capacity i.e. long-
term biomass density around which the modelled population fluctuates (48 gm-2 details of 
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the determination of this value based on available knowledge can be found in Chapter 5, 
section 5.3. on data evaluation), and a predefined annual spawning season within which 
receptive females are able to spawn if free and mature males are available (May 1 to July 
31).  
The model is designed and parameterized using compatible datasets and reported patterns 
on field populations of minnows (exact parameter sources are provided in Chapter 5, 
Table 5.3.). The environment represents a stretch of a stream (10 m2 total area as a default 
value, assumed to be 1 m wide and 20 to 30 cm deep) in the temperate climatic region. 
Compensatory density dependent growth is a key feature in this model. The model is 
spatially implicit, further biotic and abiotic environmental factors are not represented but 
the design of the model reflects the available data.  
Table 4.2. Individual state variables (i_) and parameters characterizing the environment 
(e_) in the Minnow IBM.  
 Meaning Unit Possible state-variable / 
default parameter values 
State variables for all individuals   
i_age age starting from swim-up days natural number  
i_sex sex  unitless “male” or “female” 
i_length body fork length  mm rational number 
i_stage life stage  unitless “juvenile” or “adult” 
i_reproductiveState reproductive status  unitless “guarding”, “spawned” or 
“free” 
i_guardingCounter duration of egg guarding 
by males  
days value = 1 to 4 for guarding 
males, value = 0 for all 
other individuals  
Parameters characterizing the environment    
e_REPRODUCTIVE_WINDOW_start first day of the annual 
reproductive window 
unitless May 1 
e_ REPRODUCTIVE_WINDOW_end last day of the annual 
reproductive window 
unitless July 31 
e_CARRYING_CAPACITY long-term average biomass 
density 
g m-2 48 
e_AREA_TOTAL the area of water body m2 10 
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In the model, each time step is 1 day, each year is 365 days. The model schedule is as 
follows: Develop - Survive/Age- Mate - Recruit - Grow. Processes are 
executed in the given order. State variables are updated immediately. Fish individuals 
perform the processes in randomized order, except for the Mate sub-model where bigger 
individuals are given mating priority. The implemented relationships within the sub-
models are listed in Table 4.3. The basic principles used to model growth, survival and 
reproduction of the minnow are explained in detail in Chapter 5, section 5.2.4.1.  
The first simulation day is the first day of the annual spawning season (May 1) starting 
with an initial population of juveniles and adults (default value of 150 individuals) and 
where no larvae or eggs are yet present. Upon initiallization, individuals are given an 
equal chance to be male or a female and a random age within the reported range from the 
field (1 to 3 years, Frost 1943).  
Table 4.3. Relationships used in the Minnow IBM, the implemented equations and 
parameter description.  
ID Name and Equation Description  
Eq.1 Density-independent VBG equation 
L(t) = Linf - (Linf – Lm) exp(-kt) 
         or 
L(t+1)= L(t)  + k (Linf – L(t) ) 
L(t)  length of fish at a certain age 
t      age of fish  
Linf   asymptotic length 
Lm    length-at-hatch 
k     growth-rate constant  
Eq.2 Linear asymptotic body length - 
biomass density relationship 
Linf_B  = Linf_L – gB       
B   biomass density on a certain day 
Linf_B = Linf  in eq.1 at a certain B 
Linf_ L  limiting asymptotic length as B 
approaches 0 
g   strength of density dependence 
Eq.3 Body length - body weight 
relationship 
W= a Lb 
W  weight of fish at a certain age 
L    length of fish at a certain age 
a   weight constant 
b   weight exponent 
Eq.4 Fecundity - body length relationship 
N=  a Lb 
N   number of eggs  
L   length of adult female  
a  fecundity constant 
b  fecundity exponent 
Eq.5 Natural mortality - body weight 
relationship 
Z  =  Mu W b 
S = exp (-Z) 
Z   instantaneous natural mortality rate  
S   discrete survival rate 
W  weight of fish 
Mu  mortality at unit weight 
b    mortality exponent 
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Simulations typically ran for 20 years after the year in which the initial population 
biomass density reaches the carrying capacity of the system, i.e. the predefined long-term 
average biomass density. Thereafter, the population is referred to as ‘stable’. By ‘stable’ 
we here and throughout the sections to follow refer to a population which has reached its 
‘established dynamics’, i.e. the distribution of population sizes has become quasi-
stationary (Grimm and Wissel 2004). Thereby, all data from model initialization until and 
including the year at which the initial population reaches the system’s carrying capacity 
(stabilizes) are discarded (Figure 4.1. as an example). Simulations end earlier if the 
population went extinct (there are no more individuals present and no eggs awaiting 
recruitment). 
 
Figure 4.1. Dynamics for a simulated minnow population. All data before the vertical line 
were discarded (stabilization phase). From the vertical line onwards, the population was 
considered as stable.  The horizontal line indicates the predefined system’s carrying 
capacity which is a long-term average biomass density of 48 g m-2. Simulation day 1826 
(vertical line) is the first day after the end of the fifth simulation year which is the year 
during which the initialized population reached the predefined system’s carrying capacity.  
4.3.3. Data evaluation 
The model was parameterized using numerical data from compatible field populations of 
minnows in the temperate climatic region in Europe, mainly in river Wear, UK (Johnson 
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1972) and in lake Windermere and River Brathay which is one of the major inflows to the 
lake, a fast flowing trout stream (Frost 1943). These data were numerically and 
qualitatively complemented, as needed, from relevant studies which were not necessarily 
minnow-specific. A critical evaluation of the available data and details of parametrization 
can be found in Chapter 5, section 5.3. and the associated appendices. Data-driven 
decisions regarding the implemented relationships, model structure and design and 
simplifying assumptions are further elaborated in Chapter 5, section 5.4.  
4.3.4. Conceptual model evaluation 
Model design is in line with general principles and theory in the field of fish ecology and 
population dynamics. Although it reflects data availability, the model design was not ad 
hoc, rather based on careful consideration of available material. The conceptual model is 
presented in Figure 4.2. The simplifying assumptions underlying the design of the model, 
concerning both empirical knowledge and general basic principles are discussed in detail 
in Chapter 5, section 5.4., regarding the following main points: (1) The implemented 
reproductive strategy in the Mate sub-model; (2) Assuming constant species-specific 
parameters in the Recruit sub-model; (3) Modelling fish growth based on population 
data which had been obtained from field sampling rather than from controlled laboratory 
experiments on minnow individuals; and (4) Spatial implicitness. 
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Figure 4.2. A conceptual model for the Minnow IBM. Rectangles represent model 
processes, rhombi determinant variables, dashed ellipsoids environmental parameters and 
ellipsoids species-specific parameters. Thick arrows indicate the daily schedule; 
continuous thin arrows direct relationships; dotted arrows allometric relationships; dashed 
arrows components of the density dependent VBG relationship; the dashed/dotted arrow 
mate dominance and fish territoriality and the curved arrow mating behaviour. 
4.3.5. Implementation verification 
The minnow IBM was implemented in NetLogo 5.0 (Wilensky 1999), a free software 
platform for implementing individual-based models. The NetLogo program is provided in 
Appendix IV. The BehaviorSpace tool (Wilensky and Shargel 2002) which is integrated 
in Netlogo was used for running simulation experiments. To make sure that the computer 
code actually works, a series of tests has been performed during the model 
implementation process. Tests included syntax checks provided by NetLogo, code 
revision by peers, visual checks using the graphical outputs of the NetLogo interface, 
print statements, and comparison of output of certain processes with calculations in excel. 
Details of the performed tests are provided in Chapter 5, section 5.5. and the associated 
appendix. 
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4.3.6. Model output verification 
Model output for stable populations was demonstrated to match a set of field observations 
and general reported patterns on the main field minnow population (Frost 1943) from 
which data for parameterization were derived. The verified observations were known to 
us as we parameterized the model; nonetheless they were not implemented but left to 
emerge.  
Five model runs were considered for each verification case, run-length extending 20 years 
after stability as a default value. The number of runs and run-length were chosen 
pragmatically since the main interest here is demonstrating the agreement of model 
outputs with observed general patterns rather than quantifying their agreement with 
specific observed values. However, for each verification case, results were consistent 
among runs with no exceptions. Details of model output verification are presented in 
Chapter 5, section 5.6. In short, the following observations/patterns were successfully 
verified considering average output after population stability for five model runs: the 
average age-at-maturity, the maximum life span, the general pattern of egg production, 
and the average adult sex ratio. Length–frequency distributions at the beginning of the 
spawning season (the month of April) and at the end of the growth period in the field (the 
month of October) were also considered for verification and the former only was found to 
be correctly predicted by the current simplified model implementation. Discrepancies in 
predicted Length–frequency distributions for the month of October were explained by the 
fact that average annual growth was modelled rather than seasonal growth whereby in the 
field individual growth slows down and even ceases over the winter period (discussed in 
Chapter 5 section 5.4. on data-driven decisions and simplifying assumptions). The issue 
of seasonal growth is further elaborated in section 4.3.8. 
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4.3.7. Model analysis 
Local sensitivity analysis was performed as a one-factor-at-time analysis as described by 
Thiele et al. (2014). 
Response variables considered in the sensitivity analysis: 
The analysis considered population abundance, biomass and structure on April 30, for 
stable minnow populations, as response variables (see problem formulation section 
4.3.1.). Default run-length was 20 years after population stability; all data before and 
including the year at which the population stabilized were discarded. The considered 
population attributes were averaged first over the run-length and then over the performed 
number of runs (n) per simulation experiment. For meaningful and stochastically stable 
results, the experimental error variance of model output was estimated using the 
coefficient of variation as suggested by Lorscheid et al. (2012). The coefficient of 
variation (cv = s/μ) is the ratio of the standard deviation (s) of the mean model output (μ) 
on April 30, over run-lengths and for n runs. As a result, the needed number of model 
runs per simulation experiment was determined, n= 40 runs in this case, after which the 
coefficients of variation became stable for all the three considered population attributes. 
The mean values of the considered population attributes at which the coefficients 
stabilized were then used as control values for the population-level response variables 
(908 minnows as mean abundance, 46 gm-2 as mean biomass and 92 % juveniles as mean 
structure). Details of the performed analysis are provided in Chapter 5, section 5.7.  The 
stable coefficients of variation had low values (4% for abundance and biomass, and 0.2% 
for structure) which indicated that the considered population attributes did not vary much 
between stable populations (Figure 4.3.). 
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Figure 4.3. Abundance (number of individuals) and biomass (density in g m-2) predicted 
by the model for 5 stable populations each April 30 of every simulation year, over 20 
years. 
Parameters assessed in the sensitivity analysis: 
The analysis considered, as factors to be varied, parameter values which were not derived 
directly from data but were estimated or approximated (Chapter 5, Table 5.10. for model 
parameters and the values used in sensitivity analysis). The length of simulation runs was 
also considered as an additional factor in order to determine its effect on model output. 
Sensitivites were calculated as values of the ratio of % change in output as compared to 
control values (means determined from the aforementioned analysis of experimental error 
variance) and % modification in parameter value. This sensitivity measure is 
dimensionless and can be easily compared for all parameters. 
Sensitivity analysis results: 
The obtained sensitivity values (Chapter 5, Table 5.11.) showed that model output is 
generally robust to small changes in parameter values whereby absolute values of 
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sensitivities (AS) of all the evaluated parameters were low (AS < 1) to moderate 
(1=<AS<= 5; not >> 1), except for the sex ratio of recruits (19<AS<20). The fact that the 
sex ratio of recruits was found to be highly influential on model output does not raise 
much concern since the assumed default value of 50% probability of a newborn to be a 
male or a female is based on basic principles of biology and this assumed probability is 
expected to hold in reality. The sensitivity of model output to run length (AS < 0.02) 
shows that there would have been no added value to our results had we considered model 
runs longer (30 years after stability) than the default length of 20 years, and that if we had 
even considered shorter (10 years after stability) model runs, the model output would not 
have been significantly affected. Population structure was shown to be relatively 
insensitive to slight changes in the evaluated parameter values (0=<AS<= 0.06; << 1 
except for sensitivity values corresponding to slight changes to the sex ratio of recruits).  
4.3.8. Model output corroboration 
Model output was compared against reported field observations on the biomass density of 
an independent minnow population (Figure 4.4.) in a temperate stream in the United 
Kingdom, specifically Seacourt stream, Berkshire (Pitcher and Hart 1982). For the 
considered field population, an upsurge in biomass density had been reported due to high 
growth rates in spring and summer followed by a down surge due to mortality effects as 
winter approached and growth slowed down coming to a stop. The model output was 
corroborated against this dataset for evidence on the structural realism of the model and 
its predictions in lights of the implemention of a simple growth function.  
Although seasonal growth was not imposed in the Grow sub-model, the emergent 
biomass density pattern in model output agreed to a certain extent with field observations 
on the annual biomass density pattern of the independent population (Figure 4.4.). This 
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general agreement of annual population biomass density patterns fortified our confidence 
in the structural realism of the model and its predictions.  
 
Figure 4.4. Biomass density plot. Model output for an example stable minnow population 
over a period of 20 years (A), a detailed extract for year 20 (B) and a field observation 
(C) for comparison. Absolute values of biomass density in (B) and (C) are not 
comparable since they reflect different water bodies with different carrying capacities. 
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Some discrepancies between field observations and model output were noted, 
specifically, a continued slight increase in biomass density in model predictions over the 
winter months of November, December, January and February, versus a decrease 
recorded in field observations. Also, we recall that discrepancies were noted for October 
(section 4.3.6. and details in Chapter 5 section 5.6.) when verifying model output against 
April and October length-frequency distributions. A suggested explanation was the 
simplification of the individual growth function whereby seasonal growth was not 
explicitly modeled in relation to temperature. 
The question whether seasonality in individual growth might be readily accounted for in 
the current model implementation was investigated in lights of the obtained results. 
Model output in terms of monthly growth was further compared against the mean annual 
growth reported for the main modeled population (Frost 1943) where the annual 
resolution does not allow the detection of seasonality, if present (Figure 4.6.) and the 
mean monthly growth of the independent minnow population which exhibited seasonality 
(Figure 4.5. obtained from Pitcher 1971, supplied by the author after personal 
communication since no electronic version of the doctoral thesis is available). 
 
Figure 4.5. Observed length-at-age plot for a minnow population in Seacourt Stream, 
Berkshire, UK (supplied by Pitcher from Pitcher 1971). 
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Results show that a seasonal growth pattern does not emerge in model output, however 
average annual growth in model output agrees with Frost (1943). The previously 
suggested attributions of the discrepancies in October length-frequency distributions and 
in biomass density patterns during the winter season to the fact that average rather than 
seasonal growth was modeled remain, therefore, valid. 
 
Figure 4.6. The mean length (mm) at age (months) for a 1-year model output for a stable 
minnow population and length-at-age as predicted by the fitted basic VBG function to 
unsexed data measured annually by Frost (1943). 
4.4. Model Application 
The objective of this model application is to demonstrate how the Minnow IBM may be 
used to assess the response of a stable minnow population to several types of adverse 
pesticide effects. The considered effect types are among those typically measured in the 
chronic risk assessment scheme (EFSA 2013). Out of the chronic fish tests which may be 
performed for Tier-1 ERA of pesticides for fish (EC 2011, 2013), we focused on full life-
cycle tests (FLCTs) since the required observations in such tests include those of the Fish 
Early-life Stage Toxicity Test (ELS, OECD TG 210) and since the remaining fish tests 
(OECD TG 229, 230, 234) are used for screening purposes only and not for decision 
making (EFSA 2013).  
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4.4.1. FLCT results linked to model parameters 
The Medaka Extended One Generation Test (MEOGRT, OECD 2014 a) draft guideline 
was used as the most recent and representative reference for typical FLCT observations. 
MEOGRT exposes the test fish (Japanese medaka, O. latipes) to a toxicant starting with 
breeding pairs of sexually mature fish (F0) and follows their offspring (F1) over the 
embryonic, juvenile, and adult phases. The third generation (F2) is followed till the 
completion of hatch only. Several primary biological endpoints which refer to population-
relevant parameters should be reported in this test (OECD 2014 a), specifically, 
reproduction (fecundity and fertility) for F0 and F1, hatching (hatchability and time-to-
hatch) for F1 and F2, and the following for F1 only: post-hatch survival (larval, juvenile 
and adult survival) and growth (length and body weight). In addition to the 
aforementioned endpoints, secondary endpoints in relation to the genetic sex of juveniles 
and adults may be provided when an endocrine disruptive activity is suspected. The 
guideline also mentions that any behavioural abnormalities should be reported, but does 
not further specify the possible observations. 
This model application focuses on the adverse pesticide effect types for which the 
minnow was identified as a focal species (see Chapter 3). Table 4.4. links the population-
relevant FLCT endpoints to their respective model parameters or intermediate variables. 
The identified model parameters and intermediate variable on which measured effects of 
interest may be applied are applicable for any conducted FLCT regardless of the test 
species or the considered scenario. The extrapolation of the intrinsic sensitivity of the test 
species to the minnow, however, has to be accounted for (see discussion). In the Minnow 
IBM, fertility and hatchability are considered under the same species-specific model 
parameter, s_HATCH_SUCCESS. Effects on hatching can be addressed in terms of 
hatchability and not time-to-hatch since the latter is used in the model as an intermediate 
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parameter value only for the determination of the day on which juvenile recruitment 
should take place. This parameter is not linked in the model to hatch-success and larval-
survival values and therefore it was not considered as applicable for population-level 
extrapolations using the Minnow IBM (please see Chapter 5, section 5.4. for an 
evaluation of the conceptual model). We here assume that effects on time-to-hatch would 
not result in significant adverse effects on the population-level endpoints of interest. 
Moreover, local sensitivity analysis results (section 4.3.7. of this chapter) revealed that 
model output is robust to slight changes in this parameter. Additionally, shifts in the sex 
ratio of newly recruited juveniles due to possible endocrine disruption were considered 
here since interest was raised about this aspect when local sensitivity analysis in section 
4.3.7. revealed s_SEX_RATIO_RECRUITS to be a model parameter which is of 
substantial influence on model output.  
Table 4.4. The FLCT observations on population-relevant parameters, and the related 
parameters in the Minnow IBM on which such observations may be implemented. NA= 
not applicable for extrapolation to the population level using the current version of the 
Minnow IBM. NR= not recommended i.e. effect types for which the minnow is not the 
suggested focal species to be modelled. 
FLCT Observation Effect types Generation IBM parameter or intermediate variable 
 
Reproduction 
 
Fertility: number of 
fertilized and viable 
eggs  
 
F0, F1 
 
Included in s_HATCH_SUCCESS 
 Fecundity: Number of 
spawned eggs per 
breeding pair 
 N_eggsPerDay derived from 
eq.4 Table 4.3. 
Post-hatch survival Proportion surviving F1 s_LARVAL_SURVIVAL 
NR for juvenile and adult survival 
Gross growth Total  length and wet 
weight of test 
individuals 
F1 NR 
Phynotypic sex Sex-ratios F1 s_SEX_RATIO_RECRUITS 
Hatching Time-to-hatch: 
number of days untill 
embryos hatch 
F1, F2 NA 
 Hatchability: 
proportion of 
embryos that hatched 
F1, F2 Included in s_HATCH_SUCCESS  
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The magnitudes of effects measured in FLCTs can be directly applied as percent effect on 
the corresponding model parameter or intermediate variable as follows: 
1. Reductions in N_eggsPerDay whereby this value is an intermediate variable 
referring to the total number of eggs produced by all the females which spawned 
on a certain day as determined by the fecundity-body length relationship (eq.4 
Table 4.3.). This value is used in the IBM along with species-specific parameters 
to determine the number of juveniles which are recruited upon reproduction. The 
magnitudes of effects measured on fecundity can be directly applied to 
N_eggsPerDay. 
2. Reductions in s_HATCH_SUCCESS whereby this parameter represents the 
proportion of spawned eggs which successfully hatch releasing minnow larvae. 
The magnitudes of effects measured on fertility or hatchability can be directly 
applied to this parameter. 
3. Reductions in s_LARVAL_SURVIVAL, whereby this parameter refers to the 
proportion of newly hatched larvae over the whole larval period i.e. at swim-up 
after the total resorbtion of yolk-sac. The magnitudes of effects measured on post-
hatch survival, relevant to the larval stage, can be directly applied to this 
parameter.  
4. Skewed sex ratios of recruits in both the direction of males (reductions in the 
values of s_SEX_RATIO_RECRUITS) or of females (increments in the values of 
s_SEX_RATIO_RECRUITS). It can not be determined beforehand whether one or 
both skew directions would adversely affect the population. This parameter refers 
to the sex ratios of juveniles recruited via reproduction (females / recruits). The 
magnitudes of effects measured on phenotypic sex ratios can be directly applied to 
this parameter. 
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4.4.2. The considered population-level effects  
As explained and defined in section 4.3.1., this model application considered the 
population-level attributes of abundance and biomass as response variables. Response 
variable values were calculated as mean values of model output on April 30 of year 20 
after stability i.e. ten years after the start of pesticide exposure, for n model runs per 
simulation experiment. The number of runs (n= 30) per simulation experiment needed for 
stochastically stable results and the control mean values of response variables (908 
minnows as mean abundance, 46 gm-2 as mean biomass) were determined from the 
estimated error variance of model output (Section 4.3.7. in this chapter, and section 5.7. in 
Chapter 5). Population-level effects were calculated as follows: [(mean value of response 
variable at a certain effect level - control mean) / control mean * 100].  
The SPGs for fish porposed by EFSA (2013) specify that only negligible effects on 
population abundance and biomass are tolerated (Table 4.1.). For a first demonstration of 
model applicability to ERA here, we propose a maximum of 8% effect on the response 
variable as an acceptable magnitude of effect (effect threshold for negligible effects) i.e. a 
minnow population is considered to be adversely affected if its mean values of abundance 
and/or biomass were reduced by 9% or higher compared to the respective mean of the 
control as a result of the considered effect on its individuals. This value was 
approximated by considering two standard deviations around mean of the control (thus, 
95 % of control populations are expected to fall within this range) as an acceptable 
variation value. The 8 % were derived from the stable coefficients of variation (cv = s/μ = 
0.04) of the abundance and biomass means in the model error variance matrix (section 
4.3.7. in this chapter and section 5.7. Table 5.9. in Chapter 5). It has to be noted that this 
criterion is only considered as an example to demonstrate how the model can be used.  
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4.4.3. The simulated worst-case scenario 
The exposure of aquatic organisms to pesticides in edge-of-field surface waters is often 
highly variable over time, due to entries via different routes (e.g. drift, runoff, drainage) 
and dissipation and dilution (FOCUS 2001). Here, a constant exposure scenario rather 
than a dynamic one (FOCUS 2001) was considered for simplicity and since it can be 
considered as a worst-case exposure situation in chronic ERA. The considered scenario 
can also be considered to cover short-term exposure events within the time window of 
high sensitivity. The considered scenario assumes that the pesticide causing adverse 
effects is applied annually, in spring, around the start of the minnow’s annual spawning 
season, and causes the same magnitude of effect on individuals from year to year. We 
propose the duration of ten years of pesticide exposure as a worst-case scenario since this 
is the typical authorisation period for pesticides before the approval has to be renewed, 
taking into account current scientific and technical knowledge (EC 2012). In addition, 
local sensitivity analysis of model output (section 4.3.7) showed that data for ten years 
after stability are as good as those for twenty or thirty years. The length of each model run 
was twenty years after stability of the initial population, and the adverse effects of 
pesticides were incorporated starting from year eleven after population stability (Figure 
4.7. as an example). 
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Figure 4.7. Example model output (annual biomass and abundance on April 30) including 
stabilization period until the carrying capacity (48 gm-2) is reached (till simulation year 
11), 10 years of unstressed dynamics (till year 21), and finally 10 years assuming a 
constant effect of 0, 5 and 10 % (HS_0.85, HS_0.81 and HS_0.77), on fertility or 
hatchability. In this example the 5% reduction of hatch successs results in negligible (<= 
8 %) while the 10 % reduction results in not negligible (> 8 %) effects on abundance or 
biomass after 10 years of exposure.  
4.4.4. Parameter variation for a generic analysis of effects on reproduction and sex 
ratios of recruits 
For a genereic analysis of how adverse effects on the reproduction of individuals and 
shifts in juvenile sex-ratios transfer to the population level, simulations were run for a 
series of hypothetical adverse effect levels (5, 10, 20, 40, 80 %) on single attributes. 
Reproduction-related parameters or intermediate variable were reduced to represent 
adverse effects, while sex ratios of newly recruited juveniles were reduced and increased 
since it could not be determined beforehand which effect direction would result in 
adverse effects on the population. The parameter values and multiplication factors as used 
in the model application are summarized in Table 4.5.  
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Table 4.5.  Parameter values and multiplication factors of model application. 
Effect 
magnitude 
(%) 
s_HATCH_SUCCESS 
(decrease) 
s_LARVAL_SURVIVAL
(decrease) 
N_eggsPerDay*
(decrease) 
s_SEX_RATIO_RECRUITS
(less females)  (less males) 
5 0.81 0.86 0.95 0.48 0.53
10 0.77 0.81 0.9 0.45 0.55
20 0.68 0.72 0.8 0.40 0.60
40 0.51 0.54 0.6 0.30 0.70
80 0.17 0.18 0.2 0.10 0.90
* multiplication factor since N_eggsPerDay is an intermediate variable and not a model parameter  
The considered individual attributes and sex ratios represent different types of adverse 
effects which are among the typically measured ones on test individuals in FLCTs, each 
type of effect taken separately. Effect-response curves with percent change of a certain 
parameter or intermediate variable on the x-axis and population responses on the y-axis 
were constructed as a result.  
4.4.5. Results  
A 5% reduction in a certain reproduction-related parameter or intermediate variable and a 
10% reduction in sex ratios (increased male bias) were the highest applied effect levels 
which resulted in population abundance and biomass reductions lower than the proposed 
population response threshold of 8%. Female bias (Table 4.5.) did not result in adverse 
effects on the population level (positive rather than negative response values). Effects on 
the minnow population attributes (abundance and biomass) which resulted from the 
simulated scenarios of effects on minnow individuals are summarized in Table 4.6.a. for 
reproduction-related parameters and intermediate variable, and Table 4.6.b. for shifts in 
juvenile sex ratios. Population responses did not greatly vary between the reproduction-
related parameters; however responses to increased proportions of males in recruits were 
relatively lower. In response to similar effects and effect levels on the reproduction of 
individuals, reductions in population abundance were generally higher than reductions in 
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population biomass. For effects on the sex ratio of recruits, reductions in biomass were 
generally higher than reductions in population abundance. 
Table 4.6. Changes is population abundance and biomass after 10 years of hypothetical 
pesticide effects via (a) reduced reproduction-related parameters and intermediate 
variable and (b) reduced and increased juvenile sex-ratios (proportion of females) by 
different magnitudes. The highest % effect levels which result in adverse population 
responses (decrease in population abundance and biomass) which are less than the 
proposed threshold of acceptable effects (8% reduction) are highlighted in grey for each 
population response variable. 
(a) 
% effect on 
reproduction 
% reduction of abundance 
due to effects on  
% reduction of biomass 
due to effects on 
Fertility/ 
Hatchability 
Larval 
survival Fecundity 
Fertility/ 
Hatchability
Larval 
survival Fecundity
5 5 5 1 7 6 2 
10 14 16 18 15 15 19 
20 36 36 33 35 35 33 
40 73 74 75 72 73 73 
80 100 100 100 100 100 100 
 
(b) 
% effect on 
sex ratios of 
recruits 
% response of abundance 
due to increased 
% response of biomass 
due to  
Female bias Male bias Female bias Male bias 
5 1  3 1 -1 
10 1 -3 4 -7 
20 5 -11 10 -14 
40 6 -52 18 -54 
80 29 -99 41 -99 
Effect-response diagrams are provided in Figure 4.7. with percent change of a certain 
parameter or intermediate variable on the x-axis and population responses on the y-axis. 
Skewed sex ratios in the direction of females (Table 4.6. b) were not included in the 
diagrams since they were not considered to result in adverse effects on population 
abundance and biomass. The obtained diagrams can be used to have an idea about the 
magnitude of effect of a pesticide on the population level of the minnow relevant to the 
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magnitude of the major measured effect type on laboratory individuals (regardless of the 
test species) while assuming that the remaining effect types are relatively unimportant.  
Figure 4.8. Population response in terms of % reduction in population abundance and 
biomass versus % reduction in hatch success (fertility or hatchability), larval survival, 
fecundity or sex ratios of recruits (skewed sex ratio towards males). Horizontal lines 
indicate the assumed threshold (8%) for negilible effects on the population level. 
Diagonal lines indicate a one to one effect (slope = 1).  
4.5. Discussion 
4.5.1. The modelling process  
Demographic matrix models have been developed for ERA applications on populations 
fathead Minnow (Miller and Ankley 2004), Japanese medaka (Meng et al. 2006) and 
roach populations (An et al. 2009) and less often IBMs (e.g. Schäfers and Nagel (1993) 
for guppy populations and Hazlerigg et al. (2014) for zebrafish populations). These 
models are mainly for typical standard test species and they allowed the extrapolation of 
measured effects from the organism to the population-level. Matrix models are simple 
and conservative whereby they usually consider population multiplication rates as 
endpoints and consider no density dependence, and IBMs are more complex and realistic. 
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It is acknowledged, however, that population models for focal species (EFSA 2010) are 
needed for ecologically relevant population-level assessments of chemicals on fish since 
other species are not necessarily representative cases of vulnerable ones in the field 
(Banks et al. 2010, Wogram 2010b). The minnow has been suggested in Chapter 3 as a 
focal species for pesticide effects on fecundity, fertility, hatching and larval survival and 
thus was modelled for population-level Tier-3 assessments of pesticides for fish in 
Europe. In line with good modelling practice in the context of mechanistic effect models 
for the ERA of pesticides (EFSA 2014), the modelling process was completely and 
transparently documented allowing an in-depth evaluation of the model concept, 
implementation, parameterization and testing, and providing supporting evidence that the 
model was thoughtfully designed, correctly implemented, thoroughly tested, well 
understood and appropriately used for its intended purpose. Specifically, the Minnow 
IBM is coupled with a complete TRACE document in Chapter 5 following the rationale 
of Schmolke et al. (2010a) and the NetLogo program is provided in Appendix IV.  
It was considered crucial to first correctly formulate an ecological model for the minnow 
and second, to demonstrate that model output adequately matches relevant patterns in 
field data (pattern-oriented validation; Grimm et al. 2005). The Minnow IBM was 
formulated based on available knowledge on various ecological aspects of the minnow 
life history in particular growth, survival and reproduction. Well-established relationships 
in the field of fish ecology and fish population dynamics were implemented for modelling 
fish survival and fecundity (allometric relationships; James et al. 2000) and average fish 
growth (von Bertalanffy 1951), and for incorporating compensatory density dependence 
into average fish growth (Lorenzen 1996b, 2000; Lorenzen and Enberg 2002).  
Model output was shown to match unimplemented qualitative and sometimes quantitative 
observations (age-at-maturity, maximum life-span, pattern of egg production, adult sex-
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ratios) on the main field minnow population (Frost 1943) from which data for 
parameterization were derived. Some discrepancies were observed in length-frequency 
distributions but these discrepancies were explained and further investigated by 
corroborating model output against data on independent field populations. We conclude 
that the implementation of a seasonal growth pattern (Pitcher and MacDonald 1973) may 
be a constructive refinement option of the current version of the Minnow IBM. This 
would also be necessary at least if time-variable exposure and its effect on growth and 
consequently reproduction are considered. The Minnow model was compared to available 
field data as far as possible however, additional field data e.g. abundance or biomass 
dynamics from the field would be beneficial for further model testing and refinement, 
especially data with temporal resolutions lower than the usual annual one. 
No concerns were raised regarding any of the evaluated parameter values in the classical 
local sensitivity analysis (Thiele et al. 2014) which was performed on the most uncertain 
model parameters. Alternatively, we could have determined the most sensitive parameters 
by “Morris screening” followed by a global sensitivity analysis (Thiele et al. 2014) to 
better understand parameter interactions, but this was not possible due to constraints on 
time and computational power. The limitations of local sensitivity analysis should 
nevertheless be kept in mind whereby non-linear and interaction effects are not evaluated 
here. The local sensitivity analysis showed that model output is generally robust to small 
changes in parameter values whereby sensitivities of all the evaluated parameters were 
relatively low except for s_SEX_RATIO_RECRUITS. Since the assumed default value of 
50% probability of a newborn to be a male or a female is based on basic principles of 
biology, this probability is expected to hold under unstressed conditions. Generally, no 
major concerns about parameter uncertainties were raised as a result of this sensitivity 
analysis. The results raised interest regarding the effect of male- or female-biased sex 
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ratios of recruits (sex of juveniles of age 14 days) on minnow populations due to 
endocrine disruptive pesticides. This aspect was illustrated when performing the example 
model application whereby changes in recruit sex-ratios were considered in addition to 
the other FLCT measurements for which the minnow was identified as a focal species.  
4.5.2. Potential uses and limitations of the model  
The IBM is primarily a population model for the minnow, depicting populations in the 
temperate climatic region. The Minnow IBM is intended to be used for simulating field 
minnow populations under stressed and unstressed conditions, stress here referring 
primarily to pesticide exposure which results in one or more of the effect types for which 
the species was identified as focal, i.e. direct effects on fertility, fecundity, hatching and 
larval survival. Possible pesticide effects on sex ratio were not considered in Chapter 3 
(Ibrahim et al. 2014) while comparing the population resilience of the fish species which 
are highly susceptible to pesticide exposure (listed in Chapter 2, Ibrahim et al. 2013) and 
therefore it is not clear whether the minnow can also be relevant for the consideration of 
pesticide effects on sex ratio. Results of the local sensitivity analysis of the minnow IBM 
suggest that the minnow can be relevant for this purpose since model output was 
considerably affected by slight changes in the sex ratios of newly recruited juveniles. 
Moreover, the model is not restricted per se to pesticides as stressors. It is applicable to 
other chemicals or biological stressors affecting the reproduction of fish.  
Being spatially implicit, the model does not consider any kind of movement and also no 
emigration or immigration. This limits the area that can be represented to about 40 m2 
(please see Chapter 5, section 5.4. for details). For larger areas and populations, further 
mechanisms might be needed to be taken into account, including habitat availability and 
suitability, fish movement, the prominent minnow shoaling behavior, shoal structure and 
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the resulting local population densities in addition to immigration and migration. The 
current model parameterization is suitable for simulating minnow populations in the 
temperate climatic region only, it is not applicable to other climatic regions since the 
minnow life-history varies with climate (Mills 1988) and the model does not explicitely 
consider ambient temperature.  
The spatially implicit design of the model presented here reflects the available data and is 
considerd sufficient for scenarios assuming homogenous exposure as often done in the 
exposure assessment of pesticides (FOCUS 2001). The modelled setting is an edge-of-
field water body where a minnow population exists. We refer to a stream in our 
description, but since the explicitely considered aspects of the minnow life-history were 
not found to vary between different types of freshwater bodies, the setting might as well 
be a ditch or a pond. The last day of April each year is the proposed assessment time-
point for model analysis and of year 10 after the beginning of exposure for model 
application, in lights of the results of model output verification and corroboration i.e. a 
time-point at which the population size-structure is correctly predicted. A correctly 
predicted size-structure was considered as critical since SPGs for fish consider abundance 
and biomass as population attributes, the latter being a composite of the former two. 
Model output corroboration increased our confidence in the realism of the biomass 
density pattern which emerged in model output and having validated the correctness of 
the predicted population size-structure around the beginning of the spawning season, 
population abundance was concluded to be correctly predicted by the model.  
4.5.3. The generic model application 
The magnitude of effect (percent deviation from control mean population biomass and 
abundance values as specified in SPGs for fish) on the minnow population relative to the 
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different effect magnitudes (percent effect) as measured in FLCTs, taken one at a time, 
can be directly determined from the generated effect-response curves. Effect 
combinations were not handled in the generic analysis and this was mainly due to the fact 
that it would not be possible to run generic simulations of all possible effect combinations 
in terms of type and magnitude and that model applications considering multiple effects 
should be performed case-specifically using real data. If more than one effect type is to be 
considered then a case-specific simulation would be needed to derive the percent effect 
on the population resulting from the measured effects in the test; the effect 
implementation procedure would be the same as explained. Although real datasets usually 
contain effects which are not clearly dose-related, in case available data allows the 
derivation of a concentration-response curve having pesticide concentrations in water on 
the x-axis and percent effect measured on individuals on the y-axs, then pesticide 
concentrations which are expected to cause a certain effect magnitude on the population 
can be determined as well.  
In Chapter 3 (Ibrahim et al. 2014), it was not possible to address growth explicitely and 
consequently no focal species was suggested for adverse effects on growth specifically. 
Nevertheless, since the matrix models were parametrized using field data, growth was 
indirectly accounted for in survival and reproduction rates. Since individual growth 
interacts with the types of effects for which the minnow is a focal species, it would be 
also informative to illustrate the consequences of adverse effects on growth. However, the 
implementation of the typically measured gross effects on growth in FLCTs is rather a 
daunting task since in the IBM individual growth is density dependent and is an emergent 
aspect in model output rather than a parameter or intermediate variable and therefore 
direct effects on individual growth were not considered for this model application.  
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Output should be interpreted while minding the inherent assumptions on worst-case 
exposure (continuous exposure over 10 years in an edge-of-field water body). The results 
of this generic model application are relevant for pesticides with just one major effect 
type being considered as important. It was necessary to define ‘negligible’ effects on the 
minnow population abundance and biomass, in line with the suggested SPGs (EFSA 
2013). For exemplification purposes, the results of model error variance analysis were 
used as an information source whereby deviations from control which are smaller than 
twice the standard deviation of the stochastically stable mean model output are considered 
as negligible. This criterion is directly derived from the model, i.e. the variabilility of 
model dynamics due to the stochasticity in the model. In risk assessment practice, such an 
acceptability criterion will be driven also by other factors, for example the reduction of 
abundance or biomass which is considered as acceptable by stakeholders and/or the 
reductions which do not affect the resilience of the population. Official guidelines for 
defining the magnitude of negligible population-level effects in output of population 
models used for ERA are needed however are still missing.  
It can be observed in Figure 4.7. that measured effects in tests did not always result in 
effects of higher magnitude on the population level. At relatively lower measured effects 
(up to ca. 5% reduction in fertility or hatchability or larval survival, ca. 8% reduction in 
fecundity and ca. 25% reduction in the proportion of females from newly recruited 
juveniles) a similar or lower magnitude of effects was observed on the population level. 
This observation suggests that compensatory density-dependent growth which is 
implemented as a key feature in this model, is actually serving its realistic purpose of 
offsetting losses of exogenously feeding individuals. Moreover, results indicate that 
compensation seems to be more possible for effects on sex ratios of recruits than for 
direct effects on reproduction. For this example application, we did not investigate further 
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the exact compensatory interactions taking place in the affected populations however, 
general explanations can be given. Compensatory density dependent growth is a widely 
accepted concept in fisheries management (Rose et al. 2001) whereby it is expected that 
lower population densities that can result from anthropogenic activities and/or 
environmental fluctuations would favor an increase in population size via an increased 
growth and consequently survival and/or reproduction of the remaining individuals. The 
stronger ability to compensate for shifts in sex ratios in comparison with direct effects on 
reproduction-related parameters or intermediate variable can be attributed to the fact that 
direct effects on reproduction result in a loss of a considerable number of individuals 
which were to be recruited (e.g. egg production in a magnitude of thousands; Chapter 5, 
section 5.5, Figure 5.7.) while effects on sex ratios do not cause direct losses of 
individuals, rather indirect ones. Male-biased sex ratios mainly affect the mating process 
whereby the number of sexually mature females decreases (adults in a magnitude of tens; 
Chapter 5, section 5.7., Table 5.9 whereby a mean of 908 individuals is found at the 
beginning of the spawning season of an unaffected population, out of which a mean of 
8% are adults). However, density dependent growth would result in larger reproducing 
females which, due to their larger body size, would have higher daily survival 
probabilities and higher fecundity (fecundity is size dependent, Table 4.3. eq. 4) thus 
compensating to some extent for the availability of less females. Female-biased sex ratios 
caused no adverse effects on minnow populations (in the sense of reduction), on the 
contrary, population size and biomass increased since more egg-producing females 
become present and since although males decreased in number, male minnows can mate 
more than once, if they are done with egg guarding of a previous spawning. Our results 
are in line with literature whereby female bias in populations was found to promote 
population growth (Ovidiu Vlad 1989, Hazlerigg et al. 2014)  
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4.5.4. Suggested model refinements and possible modifications 
Considering the performed first demonstration of model applicability, some refinements 
to the model implementation are suggested.  If one goes back to the conceptual model of 
the Minnow IBM (section 4.3.4., Figure 4.2.) one would see that in the current model 
implementation, hatch success and larval survival which are parameters of the Recruit 
sub-model are used as fixed mean values over the whole larval period while fecundity and 
the processes that might be affected by sex-ratio shifts (mating and recruitment) are 
linked to the implemented compensatory density-dependent growth relationship. It should 
be investigated whether the current model implementation which was driven by data 
availability has a direct effect on the obtained magnitudes of the different population 
responses of interest and the emergent compensation abilities, and whether it would be 
necessary or even possible to implement egg hatch success and larval survival as 
processes that interact with the dynamics of the population rather than as fixed mean 
values. Also, separating fertility from hatchability which is currently considered under the 
same model parameter, s_HATCH_SUCCESS, would allow the observation of possible 
differences in population-level responses.  
Since individual growth is a key driver in the Minnow IBM whereby the other main 
processes of survival, mating and recruitment are related directly or indirectly to fish 
body length (see conceptual model in section 4.3.4.), modelling growth more accurately is 
viewed as an important model refinement. More accurate predictions of body size would 
be especially necassary if time-variable exposure (FOCUS 2001) and its effects on 
fecundity via adverse effects on growth are to be considered. 
One option to model minnow growth in a more refined way is by using a bioenergetics 
(Hanson et al. 2007) growth sub-model for the minnow which would predict minnow 
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growth based on various parameters including temperature, metabolism and food intake. 
Parameterization for such a sub-model requires controlled feeding experiments under 
different environmental conditions, rather than field data. Cui and Wootton (1989a) had 
developed, tested and validated such a growth model for the minnow; however they 
concluded that it failed to accurately predict growth. To our knowledge, no further studies 
exist where the mentioned model was enhanced or a similar model was developed for the 
minnow. The implementation of such a sub-model for growth in the Minnow IBM 
remains thus an option which is dependent on data availability or attainability.  
In lights of model validation and output corroboration results, it was concluded that the 
implementation of a seasonal growth pattern (Pitcher and MacDonald 1973) within the 
readily implemented Grow sub-model may be a constructive option that allows more 
accurate predictions of fish size. This option is more attainable than a bio-energetics 
growth model since its parametirization relies on field data, however of lower temporal 
resolution than an annual one. In the current implementation, fish growth of exogenously 
feeding individuals is modelled using the density-independent VBGF function linked to 
population density via a linear relationship between asymptotic length Linf and population 
biomass density (Lorenzen and Enberg 2002; Table 4.3 Eq. 2), reflecting effects of food 
availability on anabolism. Seasonal effects of temperature on catabolism can further be 
accounted for by linking external temperature to the growth constant k (Beverton and 
Holt 1957). In the current IBM version, a constant k value at average annual temperature 
over time is assumed rather than a k value which oscillates with daily, monthly or 
seasonal temperature time-series reflecting effects of temperature on catabolism. This 
assumption is a source of uncertainty in the Minnow IBM since model processes run at 
time steps smaller than annual (daily) and since in temperate climate fish populations 
exhibit seasonal growth patterns which slow down or even stop in winter months (e.g. 
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Mann 1971). The current implementation results in predictions of correct size 
distributions only around the beginning of the spawning season i.e. the time around which 
the field population was sampled from which model parameters were derived (Frost 1943 
mainly). Pitcher and Macdonald (1973) exemplify possible modifications to the basic 
VBGF to account for seasonal variation in minnow growth. It should be investigated how 
the suggested relation can be implemented in the Minnow IBM. 
A worst-case exposure scenario to consider when running simulations would be constant 
homogenuous exposure, as considered for the produced effect-response diagrams, 
however, the realism of ERA can be increased by considering time-variable exposure 
scenarios (FOCUS 2001). If time-variable exposure which is among the suggested 
refinement options to ERA at Tier-2 (EFSA 2013) is to be considered in model 
applications, then one of the above suggested refinements in the Grow sub-model become 
necessary in order to correctly predict fish size in time. Additionally, variable exposure in 
space may be considered for even more realistic assessments (e.g. Van den Brink et al. 
2007 and Focks et al. 2014). A spatially explicit variant of the Minnow IBM would be 
needed if spatially variable exposure is to be considered since fish mobility becomes then 
important. Ample information on the swimming and shoaling behaviour of the minnow is 
found in literature, e.g. Johnson 1972. How and why spatial impliciteness was adopted in 
the current version of the minnow IBM is discussed in Chapter 5, section 5.4. Pesticide 
concentrations which can vary in space and time (FOCUS 2001) can be fed into the IBM 
(e.g. Van den Brink et al. 2007 and Focks et al. 2014) along with an implementation of a 
concentration-response relationship which links the external pesticide concetrations 
which a certain fish individual encounters to the effect it should have on the individual 
(e.g. Van den Brink et al. 2007  for pesticide induced mortality, Hazlerigg et al. 2014 for 
pesticide induced changes in the sex ratio of spawned individuals after exposure). IBMs 
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may futher be coupled with TK-TD modules (Ashauer and Escher 2010) which are also 
among the suggested refinement options at Tier-2 (EFSA 2013). TK-TD models consider 
the internal concentrations of pesticides in fish tissues rather than the external 
concentrations in the surrounding water (TK), and the processes which would be affected 
by these concentrations leading to toxic effects (TD). Ashauer et al. (2013) exemplified a 
method to predict and understand fish survival (lethal effects) under dynamic chemical 
stress using TK-TD modelling. No methods have been exemplified so far for sub-lethal 
effects on fish reproduction in this context. If a bio-energetics growth sub-model is 
achieved, this could allow a mechanistic link between toxic effects, including sub-lethal 
pesticide effects on reproduction, and population dynamics (e.g. the Dynamic Energy 
Bundget (DEB) approach; Tjalling and Klok 2010; Martin et al. 2013 a, b).  
4.5.6. Conclusion 
The minnow has been identified as a potential focal species for analysis of sub-lethal 
effects on fish and the generic application of the Minnow IBM showed that indead 
relatively small direct effects on the reproduction of individuals can have larger effects on 
abundance or biomass after 10 years of exposure, although compensatory density-
dependent growth was accounted for. The IBM can also be used to investigate the 
consequences of changes in sex ratio on the population level as indirect effects on 
reproduction. It should be investigated how measured effects on gross growth can be 
implemented, considering them as indirect effects on reproduction as well. Accounting 
for effects of temperature on minnow growth is expected to substantially improve the 
accuracy of model output in termsof predicted size-frequency distributions. 
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This is a TRACE document (“TRAnsparent and Comprehensive model Evaludation”) which 
provides supporting evidence that our model presented in Chapter 4 was thoughtfully 
designed, correctly implemented, thoroughly tested, well understood, and appropriately used 
for its intended purpose.  
 
The rationale of this document follows:  
Schmolke A, Thorbek P, DeAngelis DL, Grimm V. (2010a.) Ecological modelling 
supporting environmental decision making: a strategy for the future. Trends in Ecology 
and Evolution 25: 479-86. 
and uses the updated standard terminology and document structure in: 
Grimm V, Augusiak J, Focks A, Frank B, Gabsi F, Johnston ASA, Kułakowska K, Liu 
C, Martin BT, Meli M, Radchuk V, Schmolke A, Thorbek P, Railsback SF (2014). 
Towards better modelling and decision support: documenting model development, 
testing, and analysis using TRACE. Ecological Modelling 280:129-39.  
and 
Augusiak J, Van den Brink PJ, Grimm V (2014). Merging validation and evaluation of 
ecological models to ‘evaludation’: a review of terminology and a practical approach. 
Ecological Modelling 280:117-28.  
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5.1. Problem Formulation 
This TRACE element provides supporting information on: The decision-making context 
in which the model will be used; the types of model clients or stakeholders addressed; a 
precise specification of the question(s) that should be answered with the model, including a 
specification of necessary model outputs; and a statement of the domain of applicability of the 
model, including the extent of acceptable extrapolations.  
 
Summary: 
The ultimate aim of building and ‘evaludating’ (Augusiak et al. 2014) this model is to 
provide a tool which would serve as a virtual laboratory for the population-level risk 
assessment (ERA) of pesticides on fish in edge-of-field water bodies, especially since fish 
population studies for ERA are not practical and raise ethical concerns. The model 
species, the Eurasian minnow, was carefully selected; a vulnerable representative of the 
field situation in terms of exposure potential and population resilience to adverse effects 
of pesticides on reproduction, based on two studies by Ibrahim et al. (2013, 2014).  
The decision making context of the herein presented individual-based model (IBM) for the 
Eurasian minnow, Phoxinus phoxinus, is the authorization of pesticides in Europe. The model 
species was carefully selected; a vulnerable representative of the field situation in terms of 
exposure potential and population resilience to adverse effects of pesticides on reproduction 
(see chapters 2 and 3, Ibrahim et al. 2013, 2014).  
The model aims to contribute to the aspect of extrapolations from adverse sub-lethal effects 
that can be measured on test individuals to the population level of an ecologically relevant 
fish species. For example, the model can be used to represent reductions in fertility 
components i.e. egg number, fertilization rate, hatch success (direct effects on reproduction) 
as well as alterations in sex-ratio, to observe how population attributes such as abundance, 
biomass and demographic structure are influenced. The mentioned population attributes are 
specified for terrestrial and aquatic vertebrates in the specific protection goals for ERA of 
pesticides in the Europe (EFSA 2010, 2013). 
A multitude of essential criteria have to be met for an IBM to be suitable for direct application 
in the decision making process (EFSA 2014). As a first step, we believe it is fundamental to 
develop an adequately simple ecological IBM for the minnow, based on available literature 
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data and the rich heritage of scientific theory in fish ecology and population dynamics,  to 
evaluate it and to validate  and corroborate its output against long-term population dynamics 
and patterns which have been observed in the field. As a result, we can demonstrate the extent 
to which we are currently able to reflect field observations and we can better pinpoint the 
important aspects that would need further development in the more advanced IBM. This 
model can therefore be used for case studies, while minding the simplifying assumptions and 
limitations when interpreting output, and can as well be explored in support of planning of 
further data collection for more developed versions. 
5.2. Model Description  
This TRACE element provides supporting information on: The model. Provide a detailed 
written model description. For individual/agent-based and other simulation models, the ODD 
protocol is recommended as standard format. For complex submodels it should include 
concise explanations of the underlying rationale. Model users should learn what the model is, 
how it works, and what guided its design. 
 
Summary: 
This section presents the complete model description following the ODD format 
(Overview, Design concepts, Details). The ODD is a protocol for describing individual-
based models (Grimm et al., 2006; Grimm et al., 2010). The minnow IBM was 
implemented in NetLogo 5.0 (Wilensky, 1999), a free software platform for 
implementing individual-based models. The NetLogo code is provided in Appendix B. 
Uniformly in the text to follow, individual state variables start with (i_), observation 
variables start with (o_), parameters describing the environment start with (e_) and 
parameters describing the species start with (s_). Variables which are created locally within 
a process as intermediate variables that are nowhere else needed are preceded with (l_). 
Lists end with (_list), agent sets with (_set) and if sex-specific with (_female) or 
(_male). Parameters names have uppercase letters, variables lower case ones. 
 5.2.1. Purpose 
The proximate purpose of this individual-based model (IBM) is to reproduce the field 
population dynamics of P. phoxinus in the temperate climatic region of Europe starting from 
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available knowledge on various ecological aspects of its life history, in particular growth, 
survival and reproduction. The ultimate purpose is to use the model for regulatory risk 
assessment of pesticides. 
 5.2.2. Entities, state variables and scales 
The model’s entities are fish individuals and the environment (Table 5.1.).  
Fish belonging to life stages where exogenous feeding occurs constitute the individuals of the 
IBM and are characterized by i_age (days), i_stage (juvenile or adult), i_length (mm 
Fork Length; FL), i_sex (male or female) and i_reproductiveState (free, spawned or 
guarding).  Additionally, for each individual, an i_guardingCounter (1 to 4 incremented 
by 1 unit daily from the onset of male egg guarding, 0 for all other individuals; days) follows 
the guarding period of each male minnow, if guarding. 
Fish belonging to life stages where exogenous feeding does not occur (eggs and larvae till the 
complete resorbtion of yolk sac) are not explicitly represented. Rather, the number of 
juveniles recruited on a certain day (l_N_eggsPerDay) is determined using species-specific 
parameters.  
The environment is characterized by its e_CARRYING_CAPACITY; a long-term biomass 
density around which the modelled population fluctuates in terms of grams of minnows per 
square meter, and a predefined annual spawning season (e_REPRODUCTIVE_WINDOW_start 
and e_ REPRODUCTIVE_WINDOW_end) within which receptive females are able to spawn if 
free mature males are available.  
The model is designed and parameterized using compatible datasets and reported patterns on 
temperate field populations of minnows. The environment represents a stretch of a stream 
(e_AREA_TOTAL = 10 m2 total area as a default value, assumed to be 1 m wide and 20 to 30 
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cm deep). Compensatory density dependent growth is a key feature in this model. Further 
biotic and abiotic environmental factors are not represented. 
Table 5.1. Individual state variables (i_) and parameters characterizing the environment (e_) 
in the Minnow IBM. 
 Meaning Unit Possible values 
State variables for all individuals   
i_age age starting from 
swim-up 
days natural number  
i_sex sex  unitless “male” or “female” 
i_length* body length  mm rational number 
i_stage life stage  unitless “juvenile” or “adult” 
i_reproductiveState reproductive status  unitless “guarding”, “spawned” or 
“free” 
i_guardingCounter duration of egg 
guarding  
days value = 1 to 4 for 
guarding males, value = 0 
for all other individuals  
Parameters characterizing the environment    
e_REPRODUCTIVE_WINDOW_start first day of the 
annual reproductive 
window 
unitless natural number 
e_ REPRODUCTIVE_WINDOW_end last day of the 
annual reproductive 
window 
unitless natural number 
e_CARRYING_CAPACITY long-term average 
biomass density 
g m-2 rational number 
e_AREA_TOTAL the area of water 
body 
m2 natural number 
* fork length (FL) measured from the tip of the snout to the fork of the tail 
In the model, each time step is 1 day, each year is 365 days. The first simulation day is the 
first day of the spawning season. Simulations typically ran for 20 years 
(o_YEARS_AFTER_STABILITY) after the year in which the initial population biomass 
density reaches the carrying capacity of the system (o_timeToStability), and would halt 
earlier if the population went extinct (there are no more individuals present and no eggs 
awaiting recruitment). 
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Being spatially implicit, the model does not consider any kind of movement and also no 
emigration or immigration. This limits the area that can be represented to about 40 m2. For 
larger areas and populations, further mechanisms might be needed to be taken into account, 
including habitat availability and suitability, fish movement, the prominent minnow shoaling 
behavior, shoal structure and the resulting local population densities in addition to 
immigration and migration. The design of the model presented here reflects the available data. 
5.2.3. Process overview and scheduling 
The process overview of the model is shown in Figure 5.1.  
 
Figure 5.1. Structogram of the Minnow IBM implementation. Modelled activities of fish are 
set in italic bold letters. 
Initialize
Every day until end of simulation
Track time
For each fish
Develop
For each fish
Survive & age
For each adult fish
Mate
Recruit
For each fish
Grow
Update output
If wanted: Save results and close
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Simulations begin on the first day of the annual spawning season with an initial population of 
juveniles and adults and where no larvae or eggs are yet present (see section 5.2.5. 
initialization). Each time step, which is one day, the processes listed below are executed in the 
given order; state variables are updated immediately; model entities (fish individuals) perform 
the processes in randomized order, except for the Mate sub-model where bigger individuals 
are given mating priority (see section 5.2.4.1. basic principles).   
1. TrackTime follows the simulation time in days and years and checks whether the 
current day falls within the spawning season (a predefined time window).  
2. The life stages of individuals are determined in Develop, as juvenile or adult, based 
on the species-specific range in body length-at-maturity, and ages-at-maturity are then 
determined and recorded in a list for observation.  
3. In Survive/Age each individual faces a certain probability to die based on its body 
weight which is in turn determined from its body length, and increases 1 day in age if 
it survives. 
4. Adults may Mate if the current time-step falls within the spawning season and if free 
males (not guarding eggs of a previous spawning) and receptive females (females 
which have not shed all their eggs yet) are available. The total number of eggs shed 
per day in relation to the body sizes of the mothers which spawned on that day is then 
determined and saved in a list to be used in the Recruit process. 
5. In Recruit the number of newly recruited juveniles is determined based on the 
observed species-specific hatch success and larval survival rates over the larval period 
and the relevant number of eggs which was shed a number of days earlier (counting 
backwards the hatch and larval period). 
6. All individuals then Grow, with growth being dependent on the biomass density of the 
minnow population. Within this process, o_timeToStability is determined as the 
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number of years from initialization till the year in which the initial population reaches 
carrying capacity. 
7. Finally, plots and population counts are updated (UpdateOutput). Except for the age 
at maturity plot which is updated at the end of every simulation year, the relevant 
variables for plots are updated on daily basis.   
5.2.4. Design concepts 
5.2.4.1. Basic Principles 
The basic principles used to model minnow growth, survival and reproduction are 
summarized in Figure 5.2. and explained below. 
 
Figure 5.2. Basic principles used to model minnow growth, survival and reproduction 
 
Allometry 
Individual body weights were related to individual body lengths (allometric body length-body 
weight relationship used in the Survive and the Grow sub-models) and individual 
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fecundities to individual body lengths of females (allometric fecundity-body length 
relationship used in the Mate sub-model), using field data and following the principles of 
biological scaling (James et al. 2000). Similarly, daily survival probabilities of individuals 
were calculated using an allometric relationship of body weight with total natural mortality, as 
determined and parameterized by Lorenzen (1996a) for stream fish in general. Modelling fish 
mortality in a size-dependent manner reflects observations especially when small sized fish, 
like the minnow, are concerned (Gulland 1987). The relationship between mortality and body 
size is believed to be a mechanism which results in recruitment variability in fish populations 
since it represents an interaction between mortality and body weight which in turn interacts 
with growth which in turn is affected by the environment (Shepherd and Cushing 1980; 
Anderson 1988; Post and Evans 1989). 
Habitat preference and reproductive behavior and their effect on individual survival 
Habitat preference and the reproductive behavior of the minnow individuals affect their 
susceptibility to predation which is in turn one of the main sources of mortality that are 
accounted for in the total natural mortality values for stream fishes (Lorenzen 1996a), 
although predators are not explicitly modelled here. Specifically, susceptibility to predation 
increases as individuals move from shallower to deeper waters (early juveniles and late 
juveniles and adults respectively; Simonovic et al. 1999) and during the breeding season 
whereby adults are distracted from predator avoidance and suffer from post-reproductive 
exhaustion, injuries and consequently infections in addition to males having bright 
reproductive body color which makes them more conspicuous (Pitcher 1971; Lien 1981; 
Museth et al. 2003). Rather than modelling average total mortality rates, we decided to apply 
correction factors to the obtained parameter values from Lorenzen (1996a), as needed to result 
in an increase in individual natural mortality rates with the increased exposure of individuals 
to predators and hence to account for the effect of habitat preference and reproductive 
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behavior on individual survival. The correction factor values were not empirically determined 
rather they were based on the assimilated knowledge from literature regarding mortality 
causes and differences among different life stages.  
Individual dominance and male territoriality 
In the Mate sub-model, individual fish dominance and territoriality are represented according 
to Constantinescu et al. (1984); the larger mature minnow individuals mate first (dominance) 
with a certain ratio of males to females (2 males with 1 female). If only one male and one 
female are available, then they would mate too. Only the bigger male of a mating event 
(dominant male) defends the nest (territoriality) and the other male is free to mate again on 
the next day. A guarding male is able to mate again only after the guarding period is over. 
Females spawn once per season shedding all their eggs (Frost 1943). The modelled mating 
behavior reflects observations, whereby the number of available males ultimately limits the 
daily mating success and therefore results in protracted mating events over several days 
during the breeding season. Given that the bigger individuals mate first, the per-capita 
reproductive output which is dependent on female body-size is higher earlier during the 
spawning season than it is later. 
Sex-specific growth rates 
Body growth in minnows differs between the sexes whereby the length-at-age obtained by 
females is larger than that obtained by males (Crisp et al. 1974; Johnson 1972; Mills and 
Eloranta 1985; Frost 1943; Tack 1940) and the differences become more pronounced as the 
minnows advance in age (Table A.III.1. in Appendix III). This was the main reason why it 
was necessary to distinguish between males and females since swim-up, and an additional 
benefit of such a model design is that following sexes makes it possible to assess sex-specific 
effects of pesticides or other chemicals on this species. 
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Density-dependent growth 
In fish population ecology, it is generally assumed that density can affect processes such as 
growth, reproduction, movement and survival. Density dependence can be in the form of a 
positive feedback (depensatory) or in the form of a negative feedback (compensatory) on 
population size. The first one, also referred to as allee effect, accelerates further population 
decline and can delay recovery while the second tends to offset losses of individuals and to 
stabilize populations (Rose et al. 2001). There is little evidence of depensatory density 
dependence in fish, and therefore possibility of its existence is usually dismissed with caution 
and is only considered important for populations which are depleted and endangered. 
Compensatory density dependence is a widely accepted concept in fisheries management 
whereby lower population densities that can result from anthropogenic activities or 
environmental fluctuations are expected to favor an increase in population size via an 
increased survival or reproduction of the remaining individuals. We decided to implement the 
concept of compensatory density dependence in the Grow sub-model since in our IBM, the 
development of individuals to different life stages and their survival, mating and recruitment 
capacities are all related directly or indirectly to body size, rendering them indirectly density-
dependent once the relation is implemented in the Grow sub-model. The implemented 
density-dependent body growth of exogenously feeding minnow individuals represents 
intraspecific competition for food resources.  
5.2.4.2. Emergence 
The model imposes key behaviors and processes such as mating and density dependence. The 
model’s scope is thus restricted to environments which are similar to those in which the 
parameters used in the model were determined. Emergence occurs at the population level, 
where structure and long-term dynamics emerge from the variability between individuals and 
their interaction with each other and with their environment via density dependent growth. 
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For example, the maximum lifespan and the patterns of adult sex ratio, size, stage and age 
distributions, breeding, average age-at-maturity and age-at-first reproduction emerge as the 
initial population propagates. 
5.2.4.3. Interaction 
Individuals indirectly interact with each other as they compete for food (modelled via the 
density dependence of growth) which in turn regulates the daily individual growth in body 
length and consequently the daily attained weight (allometric body length-body weight 
relationship), the daily total natural mortality rate (allometric body weight-total natural 
mortality relationship), the age-at-maturity (maturity is size-dependent) and the size attained 
during the reproductive season which in turn decides the size-dependent interaction between 
individuals during mating as well as the number of eggs that a female can shed (allometric 
fecundity-body length relationship). 
 5.2.4.4. Stochasticity 
Lengths-at-maturity of individuals, sexes of newly recruited individuals and daily survival for 
all life stages are determined based on standard uniform probability distributions in order to 
reproduce the variability which is observed in data derived from field studies. 
5.2.4.5. Observation 
The following is produced under UpdateOutput for procedures which are activated in the 
model interface (Figure 5.3.): 
Size distributions (for all individuals, males alone and females alone) are represented as daily 
histograms of fish body length (1 mm intervals). On all three graphs, the predefined minimum 
and maximum lengths at maturity are plotted as reference points (red vertical lines).   
Population growth: Abundance based on the number of all individuals, i.e. juveniles plus 
adults is plotted over time 
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Population structure: Population structure is represented as the relative proportion of 
juveniles and adults.  
Sex ratio plots the proportion of adult females (% from total number of adults). The 
female:male sex ratio of 1:1 is plotted as a reference (red horizontal line).  
Age distribution plots the age distribution as a stacked bar graph.  
Biomass density plots daily population biomass density (grams m-2) versus time. The expected 
long-term average biomass density (carrying capacity of the system) is plotted as a reference 
(red horizontal line).  
Age at maturity determines and plots the annual average age-at-maturity of minnows and its 
standard deviation versus time in years.  
Density-dependent asymptotic length plots the current asymptotic body length, which is 
related to the current biomass density, versus time in days. The maximum length that any 
minnow individual is able to reach is plotted as reference (red horizontal line). 
Egg production plots the number of eggs produced by the population per day versus time in 
days as a bar graph. Values are plotted in red when within the spawning season, and in black 
otherwise. 
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Figure 5.3. A snapshot of the model interface containing output for an example run. See text 
for explanations. 
5.2.5. Initialization 
For the modelled population (Frost 1943, Johnson 1972), simulation starts on May 1 
(o_simulationDay = 1, o_simulationYear = 1), the first day of the predefined 92-day 
annual spawning season (e_REPRODUCTIVE_WINDOW_start = o_simulationDay 1, 
e_REPRODUCTIVE_WINDOW_end = o_simulationDay 92). 
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We initialize the population for a stretch of a stream (e_AREA_TOTAL = 10 m2) having a 
certain initial minnow population abundance (o_INITIAL_ABUNDANCE = 150 individuals).  
Individuals at the beginning of the spawning season could have been born any time during the 
previous three spawning seasons (Frost 1943 reports three main age classes; 0-1, 1-2 and 2-3 
just before the spawning season i.e. the month of April) and hence individuals are created 
(CreateIndividuals) to have a random age determined accordingly via back-calculation. 
Each individual is given an “undetermined” i_stage, a “free” 
i_reproductiveState, a value of 0 for i_guardingCounter and random i_sex with 
equal probability to be “male” or “female”. Then, i_length for each individual is 
determined based on i_age and i_sex using the von Bertalanffy Growth (VBG) equation 
(Table 5.2. eq. 1, Table 5.3. for parameter values and Tables A.III.4., A.III.5. and A.III.6. and 
Figure A.III.4. in Appendix III for parameterization details). An initial value of 
o_asymptoticLength = 101.9 mm was used. Finally, the biomass density 
o_biomassDensity is determined whereby the body weight for each individual is 
determined in direct relation to i_length according to the allometric body length-body 
weight relationship (Table 5.2. eq. 4, Table 5.3. for parameter values and Table A.III.2. and 
Figure A.III.2. in Appendix III for parameterization details) and the sum of body weights of 
all individuals is then divided by e_AREA_TOTAL. 
5.2.6. Input data 
The model does not use input data to represent external time-varying processes. 
5.2.7. Sub-models 
The text to follow describes the sub-models of the Minnow IBM. The implemented 
relationships within the sub-models are also listed in Table 5.2. along with and description of 
their parameters. Additionally, parameters describing the species, their values and data 
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sources are summarized in Table 5.3., and details of parameterization are provided in 
Appendix III.  
Table 5.2. Relationships used in the Minnow IBM, the implemented equations and parameter 
description. The implementation of these equations can be found in the NetLogo program 
provided in appendix IV, by searching for the equation ID e.g. “Eq.1” etc. 
 
 
 
 
 
ID Name and Equation Description  Name in code 
Eq.1 
 
Density-independent VBG 
equation 
L(t) = Linf - (Linf – Lm) exp(-kt) 
         or 
L(t+1)= L(t)  + k (Linf – L(t) ) 
 
L(t)  length of fish at a certain age 
t      age of fish  
Linf   asymptotic length 
Lm    length at hatch 
k     growth rate constant  
 
 
i_length 
i_age  
o_asymptoticLength 
s_LENGTH_AT_HATCH  
s_GROWTH_CONSTANT_male 
s_GROWTH_CONSTANT_female 
Eq.2 Linear asymptotic body 
length – biomass density 
relationship 
Linf_B  = Linf_L – gB       
B   biomass density on a certain 
day 
Linf_B = Linf  in eq.1 at a certain B 
Linf_ L  limiting asymptotic length 
as B approaches 0 
g   strength of density dependence 
o_biomassDensity 
o_asymptoticLength 
s_LIMITING_ASYMPTOTIC_LENGTH 
 
s_STRENGTH_OF_DENSITY_DEPENDENCE 
Eq.3 Body length-body weight 
relationship 
W= a Lb 
W  weight of fish at a certain age 
L    length of fish at a certain age 
a   weight constant 
b   weight exponent 
l_i_weight 
i_length 
s_WEIGHT_CONSTANT 
s_WEIGHT_EXPONENT 
Eq.4 Fecundity-body length 
relationship 
N=  a Lb 
N   number of eggs  
L   length of adult female  
a  fecundity constant 
b  fecundity exponent 
Contained in o_eggsPerDay_list 
i_length 
s_FECUNDITY_CONSTANT 
s_FECUNDITY_EXPONENT 
Eq.5 Natural mortality-body 
weight relationship 
Z  =  Mu W b 
S = exp (-Z) 
Z   instantaneous natural mortality 
rate  
S   discrete survival rate 
W  weight of fish 
Mu  mortality at unit weight 
b    mortality exponent 
 
 
 
l_i_weight 
s_MORTALITY_AT_UNIT_WEIGHT 
s_MORTALITY_EXPONENT 
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Table 5.3. Parameters describing the species (s_) in the Minnow IBM, used values (with 
reported ranges in parentheses if available) and data sources. 
Parameters describing the species Unit Value (range) Data sources 
 
s_CORRECTION_FACTOR_EARLY_JUVENILE 
 
unit less 
 
0.5  
 
Based on available 
knowledge, see design 
concepts  
s_CORRECTION_FACTOR_REPRODUCING_ADULT unit less  1.5 Based on available 
knowledge, see design 
concepts 
s_LENGTH_AT_HABITAT_SHIFT* mm  31 Simonovic et al. 1999 (p.117) 
s_LENGTH_AT_MATURITY mm Uniform random 
distribution (40.5,45.5) 
Frost 1943 (p.158) 
s_DAYS_FROM_SPAWNING_TO_HATCH days 4 (4,5) Frost 1943 (p.159) 
s_DAYS_FROM_HATCH_TO_SWIMUP days 14 (13,14) Frost 1943 (p.159) 
s_LENGTH_AT_HATCH  mm 4.5 (4.2,5) Frost 1943 (p.159) 
s_LENGTH_AT_SWIMUP mm 8 Frost 1943 (p.159) 
s_LARVAL_SURVIVAL % 90 (80,100) Fent and Meier 1992 (p.431) 
s_HATCH_SUCCESS %  85 (77,93) Lahnsteiner et al. 2003(p.840) 
s_SEX_RATIO_RECRUITS % 50 Assumed, females/total 
s_GROWTH_CONSTANT_male day-1 0.0009 Frost 1943 
s_GROWTH_CONSTANT_female day-1 0.001 Frost 1943 
s_WEIGHT_CONSTANT unit less 4.776 * 10-6  Mann 1971 
s_WEIGHT_EXPONENT unit less 3.239 Mann 1971 
s_FECUNDITY_CONSTANT unit less 2.521* 10-3 Frost 1943 
s_FECUNDITY_EXPONENT unit less 2.874 Frost 1943 
s_MORTALITY_AT_UNIT_WEIGHT day-1 g-1 0.006932 (0.006274, 
0.008110) 
Lorenzen 1996a (p.362) 
values/365 to change from 
annual to daily base 
s_MORTALITY_EXPONENT unit less -0.289 (-0·356, -0·224) Lorenzen 1996a (p.362) 
s_LIMITING_ASYMPTOTIC_LENGTH mm 105.2 Frost 1943; Pitcher 1971; 
Johnson 1972; Pitcher &  Hart 
1982; Lorenzen & Enberg 
2002 
s_STRENGTH_OF_DENSITY_DEPENDENCE 
 
mm m2 g-1 0.069 
*Individuals up to around 31 mm FL (28 mm standard length, SL, according to Simonovic et al. 1999; 
conversion factors from SL to FL were applied to this value as suggested for the minnow on fishbase, Froese and 
Pauly  2011) are considered as early juveniles 
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TrackTime 
This sub-model tracks the simulation time in days and years. Each time step is one day and 
one year is 365 days. It also checks whether the simulation day falls within the breeding 
season or not.  
Develop 
This sub-model determines the development stage of the different individuals as juvenile or 
adult based on the reported range of length at maturity (s_LENGTH_AT_MATURITY in Table 
5.3.). The age-at-maturity for each individual which shifts from the juvenile to the adult stage 
is then recorded in a list (o_ageAtMaturity_list).   
 
   
 
 
Survive/Age  
In this sub-model, all individuals face a survival probability (S) which is calculated as the 
negative exponent of the instantaneous natural mortality rate at a given weight (Z). The 
instantaneous natural mortality rate at weight is determined using the allometric natural 
mortality-body weight relationship (Lorenzen 1996a) for juvenile and adult fish in natural 
ecosystems and aquaculture (Z = Mu Wb, Table 5.2. eq. 5). Lorenzen (1996a) provides Theil 
parameter estimates of this relationship with 90% confidence intervals. We used the mean 
values of the parameter estimates for running natural waters in our model and multiplied 
mortality at unit weight (Mu) by the relevant correction factor (Table 5.3. for parameter 
values). Body weights were calculated using the body length-body weight relationship (Table 
Sub-model Develop (Pseudo-code)
 
For all individuals, handling one individual at a time in random order 
If i_stage is not = “adult” 
   Set s_LENGTH_AT_MATURITY = random floating value between 40.5 and 45.5 
   If i_length < s_LENGTH_AT_MATURITY 
      Set i_stage = “juvenile” 
   Else 
Set i_stage = “adult” 
      Add (i_age / 365) to the o_ageAtMaturity_list 
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5.2. eq. 3, Table 5.3. for parameter values, and Table A.III.2 and Figure A.III.2. in Appendix 
III for parameterization details). 
  
 
 
 
 
 
 
 
 
 
Mate 
This sub-model first updates the guarding status of males regardless of whether or not the 
simulation day falls within the annual reproductive window, since if eggs are laid on the last 
three days of the season then guarding will extend 1 to 3 days afterwards.  
 
 
 
The remaining part of the sub-model runs only on days which fall within the annual 
reproductive window. Mating takes place only if non-guarding mature males and receptive 
females are present. The mating behavior is modelled according to Constantinescu et al. 
(1984), as explained in design concepts. The number of shed eggs by a female is determined 
Sub-model Survive/Age (Pseudo-code)
 
For all individuals, handling one individual at a time in random order, 
 
If i_length < s_LENGTH_AT_HABITAT_SHIFT 
Then the individual is an early juvenile & survival probability would 
include a correction factor for early juveniles 
   Else 
If (e_reproductiveWindow? = “true” & i_stage = "adult") or 
(i_reproductiveState = “guarding”) 
Then the individual is a reproducing adult & survival 
probability would include a correction factor for reproducing 
adults 
Else 
    Survival probability would not include a correction factor  
 
Create a local variable l_i_weight = s_WEIGHT_CONSTANT * (i_length ^ 
s_WEIGHT_EXPONENT)  
 
Determine individual survival probabilities based on body weight and the 
relevant correction factor 
If random-float 1 >= the derived survival probability  
   Erase from population 
   Else 
       Set i_age = i_age + 1   
Sub-model Mate (Pseudo-code)
 
For all individuals, handling one individual at a time in random order,  
If i_reproductiveState = "guarding" 
   Set i_guardingCounter = i_guardingCounter + 1 
      If i_guardingCounter = 5 
         Set i_reproductiveState = "free" 
         Set i_guardingCounter = 0 
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by its i_length at spawning via the allometric fecundity-body length relationship (Table 
5.2. eq. 4, Table 5.3. for parameter values, and Table A.III.3 and Figure A.III.3. in Appendix 
III for parameterization details).  
 
 
 
 
      
 
 
 
 
 
 
 
 
 
 
 
Sub-model Mate (Pseudo-code) continued
 
If o_reproductiveWindow? = “true” 
 
   If o_simulationDay = 1 
      Set o_eggsPerDay_list = an empty list 
      For all individuals, handling one individual at a time in random 
order,  
      [ 
       Set i_reproductiveState = "free" 
       Set i_guardingCounter = 0      
      ]                  
   Create a local variable: l_N_eggsPerDay 
          Set l_N_eggsPerDay = 0 
 Create a local empty list: l_reproFemales_list 
   Create a local empty list: l_guardingMales_list 
   Create a local set of individuals: l_freeMales_set 
If i_stage = “adult” & i_reproductiveState = “free” & i_sex = 
“male” then the individual belongs to l_freeMales_set 
   Create a local set of individuals: l_receptiveFemales_set 
If i_stage = “adult” & i_reproductiveState = “free” & i_sex = 
“female” then the individual belongs to 
l_receptiveFemales_set 
   Create a local empty list: l_potentialReproMales_list 
Put in l_potentialReproMales_list the individuals belonging to 
l_freeMales_set sorted by descending i_length 
   Create a local empty list: l_potentialReproFemales_list 
Put in l_potentialReproFemales_list the individuals belonging to 
l_receptiveFemales_set sorted by descending i_length 
If l_potentialReproMales_list or l_potentialReproFemales_list is empty 
  Put l_N_eggsPerDay = 0 as an item in o_N_eggsPerDay_list  
  Stop the mating process for this simulation day 
  Else 
      If the length of l_potentialReproMales_list >= 2 * the length 
of l_potentialReproFemales_list 
                 Set l_reproFemales_list =l_potentialReproFemales_list  
         Else  
             Set l_reproFemales_list = a sublist of   
l_potentialReproFemales_list which is of half the 
length of l_potentialReproMales_list, starting from 
the first position in the list 
Set l_guardingMales_list = a sublist of l_potentialReproMales_list 
which is of length equal to the length of l_reproFemales_list, 
starting from the first position in the list 
For Each member of the l_guardingMales_list handling one individual 
at a time in random order,  
          [ 
           Set i_reproductiveState = “guarding” 
           Set i_guardingCounter = 1 
             ]   
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Recruit 
In the Recruit sub-model, it was decided to implicitly model fish eggs and larvae since 
available data on these life stages did not show great individual variability and therefore 
explicitly modelling eggs and larvae as individuals would only make computations more 
tedious. We used fixed parameter values within reported ranges (Table 5.3.) as follows:  
The number of newly recruited juveniles per day is determined by going back a number of 
days (s_DAYS_FROM_SPAWNING_TO_HATCH + s_DAYS_FROM_HATCH_TO_SWIMUP) and 
calculating the juveniles that result from the egg number laid on that day (the relevant item in 
o_N_eggsPerDay_list*s_hatchSuccess * s_larvalSurvival). The recruits are added 
as individuals into the fish population and the following state variables are assigned to them:  
i_stage = “juveniles”, i_age = s_DAYS_FROM_HATCH_TO_SWIMUP, i_length = 
s_LENGTH_AT_SWIMUP, i_reproductiveState = “free”, i_guardingCounter = 
0 and a random i_sex = “male” or “female” with sex ratio = 
s_SEX_RATIO_RECRUITS. 
 
 
 
 
Sub-model Mate (Pseudo-code) continued
  
      For Each member of the l_reproFemales_list handling one individual 
at a time in random order,  
             [ 
              Set i_reproductiveState = “spawned” 
   Set l_N_EggsPerDay = l_N_EggsPerDay + round 
(s_FECUNDITY_CONSTANT *(i_length ^ 
s_FECUNDITY_EXPONENT)) 
             ] 
  Put l_N_EggsPerDay as an item in o_N_eggsPerDay_list 
Sub-model Recruit (Pseudo-code)
  
If o_simulationDay > (s_DAYS_FROM_SPAWNING_TO_HATCH + 
s_DAYS_FROM_HATCH_TO_SWIMUP) 
                        & 
If o_simulationDay <= (s_DAYS_FROM_SPAWNING_TO_HATCH + 
s_DAYS_FROM_HATCH_TO_SWIMUP + e_DURATION _REPRODUCTIVE_WINDOW) 
 
Create a number of individuals determined by the value in the 
o_N_eggsPerDay_list saved 18 days earlier * s_hatchSuccess * 
s_larvalSurvival 
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Grow 
This sub-model first applies the linear asymptotic body length – biomass density relationship 
Linf_B = Linf_L – gB (Table 5.2. eq. 2, Table 5.3. for parameter values, section 5.3. for 
parameterization details). This relationship determines the asymptotic length (Linf_B) for the 
considered fish population in relation to the population biomass density (B) which was 
observed in the model system at the end of the previous simulation day, while having as 
known values the strength of density dependence (g) and the limiting asymptotic length as 
biomass density approaches zero (Linf_L ). This sub-model then applies the VBG equation 
L(t+1)= L(t)+k(Linf–L(t)) (Table 5.2. eq.1, Table 5.3. for parameter values, section 5.3. for 
parameterization details) to assign to each individual its new body length L(t+1) using Linf = 
Linf_B  which was just calculated, the relevant sex-specific growth constant k and the current 
individual body length L(t).   
We assume that individuals cannot decrease in body length since this is physiologically not 
possible and hence no decrease in weight is possible either since body weights are direct 
derivations from body lengths. In cases where density-dependent effects would result in a 
decrease (i.e. k(Linf_B–L(t) < 0), the fish just keep their current length or in other words do 
not grow on that day. At the end of this sub-model, the new population biomass density is 
determined as such, B = ∑ Wi / e_AREA_TOTAL whereby the individual body weights Wi are 
Sub-model Recruit (Pseudo-code) continued
 
For each of the newly created individuals taken randomly one at a time:  
        [ 
          Set i_stage = “juvenile” 
          Set i_length = s_LENGTH_AT_SWIMUP 
          Set i_age = s_DAYS_FROM_HATCH_TO_SWIMUP 
          Set i_reproductiveState= “free” 
          Set i_guardingCounter = 0 
          If random-float 1 >= s_SEX_RATIO_RECRUITS 
            Set i_sex = “male” 
             Else  
                 Set i_sex = “female” 
       ]       
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determined using the allometric body length-body weight relationship (Table 5.2. eq. 3, Table 
5.3. for parameter values, and Table A.III.2 and Figure A.III.2. in Appendix III for 
parameterization details). B is to be used as the starting biomass density on the following 
simulation day. If the biomass density reaches a value which is greater or equal to the 
predefined carrying capacity of the system, the current simulation year is saved as the initial 
population’s o_timeToStability.  
Parameterization for this sub-model is discussed in detail in section 5.3., data evaluation. 
 
 
 
 
 
 
 
 
 
5.3. Data Evaluation 
This TRACE element provides supporting information on: The quality and sources of 
numerical and qualitative data used to parameterize the model, both directly and inversely via 
calibration, and of the observed patterns that were used to design the overall model structure. 
This critical evaluation will allow model users to assess the scope and the uncertainty of the 
data and knowledge on which the model is based. 
 
Summary: 
The model was parameterized using numerical data on compatible field populations of 
minnows in the temperate climatic region, mainly in river Wear, UK (Johnson 1972) and 
Sub-model Grow (Pseudo-code) 
 
Set o_asymptoticLength = (s_LIMITING_ASYMPTOTIC_LENGTH – 
(s_STRENGTH_OF_DENSITY_DEPENDENCE * o_biomassDensity)) 
Create a local variable l_Δ_i_length = 0  
 
For all individuals, handling one individual at a time in random order,   
[ 
 If i_sex = male 
    Set l_Δ_i_length = s_GROWTH_CONSTANT_male * (o_asymptoticLength - 
i_length) 
    Else 
        Set l_Δ_i_length = s_GROWTH_CONSTANT_female * (o_asymptoticLength  
- i_length) 
 If l_Δ_i_length > 0 
    Set i_length = (i_length + l_Δ_i_length) 
   Else 
       Set i_length = i_length         
 Set i_age = (i_age + 1) 
]          
Set o_biomassDensity = sum [(s_WEIGHT_CONSTANT * (i_length ^ 
s_WEIGHT_EXPONENT)) of all individuals] / e_AREA_TOTAL)  
   If o_biomassDensity >= e_CARRYING_CAPACITY and o_timeToStability is 
still undetermined 
      Set o_timeToStability = o_simulationYear 
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in lake Windermere and River Brathay which is one of the major inflows to the lake, a 
fast flowing trout stream (Frost 1943). These data were numerically and qualitatively 
complemented, as needed, from relevant studies which were not necessarily minnow-
specific. The overall model structure and design reflects data availability. 
Generally, minnow-specific empirical data were available from published field demographic 
studies on temperate populations, in the form of individual body length and weight, age and 
fecundity, mainly with an annual temporal resolution, allowing the parameterization of 
conventional allometric relationships of body length-body weight (Mann 1971), body length-
age (Frost 1943) and fecundity-body length (Frost 1943). Minnow-specific data were not 
available for the parameterization of the allometric relationship of body weight with total 
natural mortality; however parameter estimates were available for stream fish in general and 
were proven not to vary between climatic regions (Lorenzen 1996a). We considered these 
estimates representative and applicable to the temperate climatic region. The mating behavior 
of minnows is well-studied and we implemented the main characteristic behaviors 
(Constantinescu et al. 1984). No quantitative data were attainable on the effect of habitat 
preference and reproductive behavior on individual survival, however ample expert 
knowledge was available (Simonovic et al. 1999 on habitat preference and Pitcher 1971; Lien 
1981; Museth et al. 2003 on reproductive behavior) and this allowed the implementation of 
the general relative trend.  An elaborate study on hatch success (egg fertilization and egg 
hatch rates) for Eurasian minnows was not available; however, hatch success rates were 
available for the cyprinid family in general and average values were used (Lahnsteiner et al. 
2003). Average larval survival over the larval period was used as recorded by Fent and Meier 
(1992) at 16 °C for minnow larvae in a laboratory experiment under control conditions (16 °C 
is within the typical range of temperature during the spawning season of temperate minnow 
populations). Length-at-shift from early to late juvenile habitats was obtained from a study on 
habitat use and ontogenic shifts of minnow populations in two rivers in the temperate region 
(Simonovic et al. 1999). Other descriptive species-specific parameters, namely length at 
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swim-up and maturity as well as the time needed for spawned eggs to hatch and for larvae to 
swim-up were obtained from the main reference for empirical data on the modelled 
population (Frost 1943). The quantification of the strength of density dependent body growth 
posed the greatest challenge and problems with data availability are universal (Rose et al. 
2001), however necessary apriori assumptions were made and relevant complementary 
empirical data and qualitative patterns made it possible to have an acceptable realistic 
implementation of the density dependent growth relationship (Frost 1943; Pitcher 1971; 
Johnson 1972; Pitcher and Hart 1982; Lorenzen and Enberg 2002). 
Model structure, design and parameterization reflect data availability. Parameterization details 
including the exact data sources are provided in Table 5.3. in section 5.2.7., complemented by 
the relevant figures and tables in Appendix III. The basic principles and their relevant 
information sources are explained and provided in section 5.2.4.1.  Further elaboration on the 
main data-driven decisions regarding the implemented relationships, model structure and 
design and simplifying assumptions follows in section 5.4.  
Since the parameterization procedure of the Grow sub-model was relatively complex and 
needs to be described in detail, it will be handled here rather than in section 5.2.: 
The density-independent VBG equation (Table 5.2. eq. 1) was parameterized by fitting to 
annual length-at-age data from Frost (1943). To account for and reproduce sex-specific 
differences in growth, eq.1 was fitted twice; first to unsexed data using the Gulland and Holt 
plot (Gulland and Holt 1959) to derive a sex-independent o_asymptoticLength (for 
parameterization details see Table A.III.4. and Figure A.III.4. in Appendix III) and then to 
data for males taken separately and females taken separately using non-linear regression 
(Systat Software Inc 2008, SigmaPlot for Windows Version 11.0) after fixing the value of 
o_asymptoticLength to the one obtained from the first fit (for parameterization details 
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see Tables a.5. and a.6. in Appendix A) in order to derive sex-dependent growth rate constants 
(s_GROWTH_CONSTANT_male and s_GROWTH_CONSTANT_female respectively). This 
allowed the growth rate constants which are related to catabolism, to vary between the sexes 
while having the other parameters as sex-independent, i.e. s_LENGTH_AT_HATCH since it was 
not reported to vary between sexes, and o_asymptoticLength since it is related to 
anabolism and consequently food availability which is assumed uniform for males and 
females.  
The linear asymptotic body length – biomass density relationship (Table 5.2. eq. 2) was not 
parameterized directly from field data or controlled population studies which should provide 
long-term biomass and growth data since those were not available for any minnow population 
in literature, however, it was possible to parameterize the relation indirectly after making 
necessary apriori assumptions (Rose et al. 2001, discusses thoroughly the universally 
encountered data limitations when attempting to quantify compensatory density dependence). 
Lorenzen and Enberg (2002) had established a highly significant relationship (p < 0.001) 
between s_STRENGTH_OF_DENSITY_DEPENDENCE and e_CARRYING_CAPACITY based on 
regression analysis on nine out of 16 fish populations which were proven to undergo 
significant density-dependent growth. For this interspecies comparison, long-term records of 
size-at-age and biomass data were used. Accordingly, Lorenzen and Enberg (2002) make the 
following two statements: (1) density dependent growth in the recruited phase should be 
accounted for when modelling populations and (2) the empirical relationship which was 
established can be used to obtain indicative estimates of 
s_STRENGTH_OF_DENSITY_DEPENDENCE when population-specific data is not available. 
The established relationship is as follows:  s_STRENGTH_OF_DENSITY_DEPENDENCE = 
3.3*e_CARRYING_CAPACITY. 
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It was not easy to obtain a value for e_CARRYING_CAPACITY from literature for a minnow 
population. Although successful for other considered fish species, multi-species population 
and productivity studies (e.g. Mann 1971) had often reported difficulties in estimating the 
number of individuals present in minnow populations and hence their density or biomass in a 
water body due to this species’ shoaling behavior which makes the commonly used mark-
recapture studies unreliable for such estimations, and that was the case also for minnow-
specific population studies (e.g. Crisp et al. 1974) and hence there is very little data on this 
aspect. Regarding the compatible datasets which we considered, data on population density 
were not available from Frost (1943), however Johnson (1972) had estimated minnow 
population densities in the sampled area (40 m2) of an English stream if individuals were 
uniformly distributed, and states that the population exhibits the same ranges of length-at-age 
of individuals as reported by Frost (1943) and hence it was possible to assume similar 
population densities as well. Johnson (1972) estimated densities after the start of the spawning 
season and Frost (1943) on the other hand provides the average age structure and the size 
distribution of the minnow population during the month of April, i.e. just before the start of 
the spawning season. Since those were the best and only available compatible data, we used 
them to estimate the biomass density of the population and assumed it to be the biomass 
density around beginning of the spawning season. Estimation was performed with the help of 
NetLogo 5.0.1 (Wilensky, 1999) where the population during the month of April was 
reconstructed via randomization according to Frost (1943) and Johnson (1972) and population 
biomass densities were derived according to the implemented length-weight relationship 
(Table 5.2., eq. 3). Details are provided in Table 5.4. 
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Table 5.4. Data used to reconstruct the modelled population for the month of April (Johnson 
1972, Frost 1943 for Lake Windermere) and the output used for model parameterization. 
Frost 1943 Age Class 1 Age Class 2 Age Class 3 
Age structure (%) 32 45 23 
Size distribution (mm) 
 
Mean 33.7 SD 4.48 
 
Mean 56.2 SD 5.62 
 
Mean 68.8 SD 4.32 
 
Johnson 1972    
Population density 22 to 26 m-2   
Total Area 40 m
2 
   
Output and details    
Number of iterations 10000   
Input density Mean 22.015 SD 2.575   
Output biomass density  Mean 47.862 SD 5.633   
 
Pitcher and Hart (1982) provide average monthly estimates of population biomass density 
over a year for a minnow population in Seacourt Stream, an English temperate stream (Figure 
5.4.). Data behind the provided figure as well as details on the studied population was 
unfortunately not attainable; however, the reported annual biomass density pattern was of 
great importance. One can observe that the population biomass density during week 16 (the 
month of April) is around the long-term average biomass density of the population 
(e_CARRYING_CAPACITY), and is much higher around week 36 (September, summer 
growth season where the numerous newly recruited gain much body weight) and much lower 
around week 28 (July, end of the spawning season where adult mortality is very high). We are 
referring to these data sets here to support our general assumption that calculated biomass 
density for our modelled population for the month of April is an acceptable estimate of the 
long-term average biomass density (e_CARRYING_CAPACITY) which is the carrying capacity 
of the system around which the modelled population would fluctuate (Lorenzen and Enberg 
2002).  Please note, however, that we did not use these data for calibrations or verification, 
but for “model output corroboration” (section 5.8.).  
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Consequently, having assumed e_CARRYING_CAPACITY = 48 gm-2, 
s_STRENGTH_OF_DENSITY_DEPENDENCE = 3.3 / 47.862 = 0.069 mm m2 g-1 was determined 
as an acceptable indicative approximation of the strength of density dependence in growth. 
s_LIMITING_ASYMPTOTIC_LENGTH could then be determined as (o_asymptoticLength 
at e_CARRYING_CAPACITY + 3.3) = 105.2 mm. 
 
Figure 5.4. Population biomass density for minnows in Seacourt Stream, Berks, UK; slightly 
modified from Figure 4.14 page 146 in Pitcher and Hart (1982). 
 
5.4. Conceptual Model Evaluation 
This TRACE element provides supporting information on: The simplifying assumptions 
underlying a model’s design, both with regard to empirical knowledge and general, basic 
principles. This critical evaluation allows model users to understand that model design was 
not ad hoc but based on carefully scrutinized considerations.  
 
Summary: 
Model design reflects data availability and is in line with general principles and theory 
in the field of fish ecology and fish population dynamics. The conceptual model is 
presented in Figure 5.5. 
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Figure 5.5. A conceptual model for the Minnow IBM. Rectangles represent model processes, 
rhombi determinant variables, dashed ellipsoids environmental parameters and ellipsoids 
species-specific parameters. Thick arrows indicate the daily schedule; continuous thin arrows 
direct relationships; dotted arrows allometric relationships; dashed arrows components of the 
density dependent VBG relationship; the dashed/dotted arrow mate dominance and fish 
territoriality and the curved arrow mating behaviour. 
The implemented reproductive strategy in the Mate sub-model 
Regarding reproductive strategies, some small-sized fish were demonstrated to switch their 
reproductive strategies from the production of several large clutches of eggs (batch spawning) 
during extended breeding seasons in productive southern habitats to producing a single and 
smaller clutch in colder, northern and unproductive habitats within much shorter breeding 
seasons (Mills and Mann 1983; Mann et al. 1984; Mills and Eloranta 1985).  According to 
Mills (1988) the number of egg clutches produced by the minnow follows the suggested 
pattern over its wide geographic range, whereby egg batch numbers drop off in cold 
unproductive environments however, he has suggested that multiple clutches still persisted 
even in the Finnish Lapland. Similarly, several other studies on the minnow suggested batch 
spawning at different frequencies (Papadopol and Weinberger 1975, Romania; Mills and 
Eloranta 1985, Finland; Mills 1987, Southern England) since the size distribution of eggs in 
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ovaries of females which were about to spawn showed distinct groups hinting that these egg 
groups will mature consecutively and be released in batches at different times during the 
spawning season. However, none of the studies provided concrete evidence that actual batch 
spawning had occurred since suggestions were not a result of actual observations of the 
spawning act, rather an expectation due to size distributions of eggs in pre-spawning fish, 
disregarding possible atresia in smaller oocytes as the spawning season advanced. In addition, 
data in studies as such did not allow the determination whether more than one batch of eggs 
actually matured within the same breeding season, despite the presence of distinct size classes 
of eggs, nor could the rate at which the oocytes matured be determined in order to estimate 
the time period till the release of a second batch if any (Wootton and Mills 1979). Mills 
(1987) attempted to observe the condition of female minnows after their first spawning by 
transferring these females to artificial conditions.  Egg-size frequency distributions suggested 
batch spawning as there was evidence of egg development; however the females failed to 
release the subsequent batches. This failure to spawn may have been a result of experimental 
design and unnatural conditions or even due to the possibility that the females actually do not 
shed subsequent batches regardless of the presence of eggs in the ovary. Frost (1943) 
suggested that minnows in the Lake Windermere catchment produced a single batch of eggs 
only and that the protracted breeding season is thus not a result of the same individuals 
shedding their eggs and sperm in parts at different times rather, it is a result of the population 
being composed of fish which mature at different times. She based her conclusion on 
observations on conditions of spent fish just after shedding their eggs although earlier, for the 
same water body, Bullough (1940) performed histological studies on pre-spawning minnows 
and reported three distinct size-classes of eggs, suggesting batch spawning in the conventional 
way. It may be true that some minnow populations undergo batch spawning and that others 
spawn one batch per season, however it is not clear what factors determine the number and 
frequency of batches including factors like food availability, temperature and available 
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breeding grounds. For the current model implementation, and since the major part of our 
empirical data stems from Frost (1943), female minnows spawned once per season shedding 
all their eggs according to the reported estimates of fecundity and the therein assumed mode 
of reproduction.  
Assuming constant species-specific parameters in the Recruit sub-model 
Generally speaking, although fish eggs are synchronously fertilized and experience a common 
environment as they develop, they usually hatch asynchronously as a survival-enhancing 
strategy for larvae under variable food conditions (Laurel et al. 2008) and hence it is unlikely 
that all larvae of a batch would have the same length at hatch and swim-up. This phenomenon 
and its consequences are clearly observed on highly fecund marine fishes where egg hatch of 
a batch may take weeks (Geffen 2002; Laurel et al. 2008). Owing to its small size and 
medium fecundity values, field data on the minnow do not reflect great variability and hence 
for simplification we use fixed values within reported ranges for time to hatch, length at hatch 
and length at swim-up as obtained from Frost (1943). 
Modelling fish growth based on population data which had been obtained from field 
sampling rather than from controlled laboratory experiments on minnow individuals 
The choice of approach for modelling minnow growth was mainly driven by data availability 
since the IBM is formulated based on observed patterns and data collected from field studies 
(usually with an annual temporal resolution). There is no possibility for conducting controlled 
experiments or additional field surveys to fill data gaps within the scope of this project.  
One way to implement minnow growth could have been by using a bioenergetics growth sub-
model for the minnow which would predict minnow growth based on various parameters 
including temperature, metabolism and food intake. Parameterization for such a sub-model 
requires controlled feeding experiments under different environmental conditions. Cui and 
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Wootton (1989a) had developed, tested and validated such a model for the minnow and 
concluded that although most of the parameters for the model were derived from controlled 
experiments and although the model adopted fewer assumptions than other models of this 
sort, it failed to accurately predict the growth of the minnow. No further studies were found to 
be published where the mentioned or a similar model was enhanced and hence the 
implementation of such a growth sub-model was not an available option. 
We modelled fish growth based on field population data and reported field patterns. Density 
dependent growth as implemented in the Minnow IBM (Table 5.2., eq. 1 and 2) reflects 
intraspecific competition between individuals for food resources although food availability is 
not explicitly modeled here; The density-independent VBG equation (eq. 1) assumes that fish 
do not grow indefinitely, rather they grow towards some theoretical maximum length or 
weight and that the rate of change in size slows down as the fish length or weight gets closer 
to the maximum (von Bertalanffy 1951; Pitcher and Hart 1982). This basic function is widely 
and successfully used in aquaculture production studies and it describes average growth 
patterns of fish populations and does not allow fluctuation in growth rates due to any 
environmental factors. When combined with the linear asymptotic body length – biomass 
density relationship (eq. 2), the daily growth of individuals fluctuates in relation to the daily 
total population biomass density which is in turn assumed to be a very good predictive 
variable for the effects of competition between individuals for food resources (Lorenzen 
1996b, 2000; Lorenzen and Enberg 2002). Specifically, as introduced by Beverton and Holt 
(1957) and later theoretically and empirically supported by Walters and Post (1993), Lorenzen 
(1996b) and Shin and Rochet (1998), density-dependent growth in fish, when related to food 
availability, affects Linf (the asymptotic length which is related to anabolism and is clearly 
dependent on food resources) and not k (the growth rate constant which is a measure of 
catabolism and is largely independent on food availability).  
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It is important to note that in temperate regions, the growth of fish varies seasonally whereby 
it slows down or even stops in winter months (e.g. Mann 1971). We assumed a constant 
average k value at average annual temperature over time rather than a k value which oscillates 
with daily, monthly or seasonal temperature time series reflecting effects of temperature on 
catabolism. This assumption may be valid for modelling annual yield in fisheries but is likely 
to be a significant source of uncertainty in simulation models where fish growth directly 
drives other processes at smaller time steps. Pitcher and Macdonald (1973) exemplify possible 
modifications to the basic VBGF where seasonal variation in minnow growth for a temperate 
minnow population may be accounted for, however, to parameterize the suggested relations 
based on field data, length-at- age data spanning a whole year in the lifetime of a population is 
needed at lower temporal resolutions than what we have available from commonly published 
and compatible data (e.g. bi-weekly, monthly or bi-monthly rather than annual).  We decided 
not to explicitly model seasonal variation in fish growth for the moment although seasonal 
body growth is regarded as an important aspect to be investigated in model output verification 
(section 5.6.) and corroboration (section 5.8.) as well as possible enhanced future model 
implementations. 
Spatial implicitness 
We do not explicitly model individual movement and associated behavior although common 
minnows are prominently a shoaling species; on one hand Cui and Wootton (1989b) observed 
that grouping does not affect the minnow specific growth rates and some investigated aspects 
of the minnow energy budget and on the other hand it is hypothesized in general that grouping 
affects local population densities of fish and consequently individual growth rates and 
increases success in predator avoidance and facilitates locating food items (Johnson 1972).  
Individual movement and aggregations and their effects on minnow population dynamics 
require further investigation and some aspects of the gregarious minnow behavior can get 
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very detailed whereby shoaling exists during the day only and varies seasonally and since 
shoal size, shape, structure and movement varies with different stimuli such as the encounter 
of a predator, reproduction or feeding (Johnson 1972). Since a detailed consideration of space 
and minnow behavior is not within the scope of this project or the available data, and for 
simplification, we decided to build a simple spatially implicit model; The model represents a 
10m*1m stretch of a stream, where movement processes are randomized i.e. individuals are 
homogeneously dispersed and hence spatially explicit aspects of population densities at the 
considered spatial scale are assumed to be of no importance. This simplistic approach also 
assumes the modeled area to be a closed system with no immigration or migration. The model 
does not take into account the availability of spawning grounds and thus no limitation or 
competition for this resource is assumed. Habitat patches and habitat preference are not 
explicitly modelled however major shifts in habitat use at different life-stages and their 
consequences on individual survival are accounted for as described in section 5.2.4.1. This 
simplification of space and its underlying assumptions also agrees with the idea that stream 
fishes, including minnows, have a certain home range which is a distance over which 
individuals usually travel and therefore although individual stream fishes actively swim 
during daytime, they do not migrate extensive distances but linger around a certain area 
(Gerking 1953). It can be deduced from observations by Johnson (1972) that the extent of the 
home range of minnow shoals in an English stream is at least 40 m, but there is no data on the 
actual extent of this home range. What follows is that, in our modelling approach, we consider 
it safe to assume a closed system and to handle “global” rather than “local” population 
densities when considering density dependent growth, as long as the considered system does 
not exceed the minimum size of the home range of a minnow shoal. The word “global” refers 
to the total density in the modelled stretch of a stream assuming a uniform dispersal of 
individuals within. The empirical data used as a base for the model parameterization were a 
result of field sampling while taking minnow shoals as sample units (Johnson 1972) allowing 
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the disregard of immigration and migration. Consequently, as mentioned in section 5.2.2., 
areas up to 40 m2 are considered safe to be modelled using the current approach and larger 
areas or populations should be handled with caution since spatially explicit processes would 
then be important to be investigated and considered when found influential. 
5.5. Implementation Verification 
This TRACE element provides supporting information on: (1) whether the computer code 
implementing the model has been thoroughly tested for programming errors, (2) whether the 
implemented model performs as indicated by the model description, and (3) how the software 
has been designed and documented to provide necessary usability tools (interfaces, 
automation of experiments, etc.) and to facilitate future installation, modification, and 
maintenance. 
 
Summary: 
To make sure that the computer code actually works as specified in section 2, a series of 
tests has been performed during the model implementation process. Tests included 
syntax checks provided by NetLogo, code revision by peers, visual checks using the 
graphical outputs of the NetLogo interface, print statements, and comparison of output 
of certain processes with calculations in excel. 
 
Software  
The model has been implemented in NetLogo (Wilensky 1999), a free software platform. The 
program is available in Appendix B.  After installing NetLogo 5.0.1, which is available for all 
major operating systems, users can run our model and use the graphical user interface and an 
integrated tool to perform simulation experiments (“BehaviorSpace”, Wilensky and Shargel 
2002). The developers of NetLogo always provide transition guides to new versions of 
NetLogo, and keep old versions for download. Modifications of the program require 
knowledge of NetLogo. The object-oriented structure of NetLogo models and the clear system 
of names for variables and parameters facilitates later modifications. 
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Tests 
Syntax Checks: NetLogo automatically checks for syntax errors and prompts the programmer 
to fix them. 
Code revision: The program has been reviewed by the authors to check for logical errors and 
possible mistakes and to ensure that it agrees with the model formulation. 
Visual checks: The correctness of some implemented processes has been checked using the 
relevant produced plots which were described in section 2.4.5. The plots are left available for 
model users along with on/off switches allowing the control over simulation time: 
 The daily frequency histograms and reference minimum and maximum length at 
maturity in Size Distribution plots allow the visual observation of whether maturity is 
actually happening within the specified size ranges as a test for the correctness of the 
code. Also, one can visually observe whether females grow bigger than males as a test 
for the correctness of the implemented sex-dependent growth pattern. 
 Population growth, Biomass Density and Egg production plots allowed checking the 
correctness of implemented density dependent growth relation on the population level 
whereby the population abundance, biomass density and egg production increased 
exponentially when the strength of density dependence was set to zero and these 
endpoints ultimately stabilized when regulated by the implemented density dependent 
growth. It was also checked if in both cases, whether or not regulated by density 
dependent growth, a stable population structure and age structure are ultimately 
reached (a visual test for the ecological correctness of emergent population dynamics). 
 Density-dependent asymptotic length plot allowed determining whether the value for 
asymptotic length exceeded its maximum reference value signaling error in the code.  
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 Egg production plot displaying egg production in red when within the spawning 
season and in black otherwise allowed the testing for the correctness of the code where 
eggs shed outside the spawning season (black bar) signaled coding error. 
Print statements and output comparison with excel calculations: print statements (commands 
inserted in the main code or given out using the command center in the NetLogo user 
interface) were used to output values for variables of interest as a way to observe what was 
going on, to check whether variables had values within expected ranges and to print out a 
notification of error otherwise. In order to make sure that a coded equation calculated values 
correctly, output values were also compared to values recalculated in excel. Examples are 
supplied in Appendix V. Therein, all details are specified to allow replication, including 
statements written in the command center and debug code inserted in the main code.  
5.6. Model Output Verification 
This TRACE element provides supporting information on: (1) how well model output 
matches observations and (2) how much calibration and effects of environmental drivers were 
involved in obtaining good fits of model output and data.  
 
Summary: 
No calibration of model parameters was performed in the sense of tweaking parameter 
values to match model output to a certain dataset. Only direct parameterization was 
performed as described in section 3, data evaluation. How well output matches relevant 
field observations is demonstrated in this section, namely age at maturity, maximum life 
span, pattern of egg production, adult sex ratio and length–frequency distributions. 
Shortly, as detailed in section 5.2.7. and as explained in section 5.3., parameter values were 
directly calculated from empirical population data if available, or obtained from published 
studies which were considered as compatible, although not necessarily minnow-specific. In 
the specific case of the  effect of habitat preference and reproductive behavior on individual 
survival, values for correction factors were assigned to reflect the trend reported in literature, 
but this assignment was arbitrary and not based on any given dataset.  
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In what follows, some observations on the main field minnow population (Frost 1943) from 
which data for parameterization were derived are compared to model output as a way to verify 
the output. The considered observations were known to us as we parameterized the model; 
nonetheless they were not implemented but left to emerge. Data for the produced figures and 
tables were obtained by exporting the data behind plots in the user interface as a Microsoft 
Excel Comma Separated Values File (.csv). For cases where relevant plots had not been 
readily coded during model development, data were collected using the integrated 
BehaviorSpace tool in NetLogo. 
For each verification case we considered five model runs, each run lasting 20 years after 
population stability whereby all data before and including the year in which the population 
reached its carrying capacity were discarded, and the population from then on is referred to as 
‘stable’.  By ‘stable’ we here refer to a population which has reached its ‘established 
dynamics’, i.e. the distribution of population sizes has become quasi-stationary (Grimm and 
Wissel 2004). 
The number of runs per verification case and the number of simulation years per run were 
chosen pragmatically since the main interest here is demonstrating the agreement of model 
output with observed general patterns rather than quantifying the agreement of model output 
with specific observed values. However, for each verification case, observations on the 
patterns of interest were consistent in all runs with no exceptions. 
Age at maturity 
A certain range of length at maturity was imposed in the model implementation since maturity 
in minnows is reported to be size and not age-specific (Frost 1943). The age at which a 
minnow individual reaches maturity is thus affected by the individual’s growth which is in 
turn density-dependent. We determined the annual average ages at maturity of minnows and 
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their standard deviations versus time in years (Age at maturity plot, section 5.2.4.5 
Observation) for five model runs (Table 5.5.) which allowed the comparison of ages at 
maturity in the model output against the field observation reported by Frost (1943).  
Table 5.5. Mean ages at maturity (years) for 5 model runs 
Run ID 20-year  average Standard deviation 
run 1 1.291 0.003 
run 2 1.295 0.005 
run 3 1.285 0.001 
run 4 1.286 0.003 
run 5 1.288 0.004 
Frost (1943, p. 161) states that “sexual maturity is reached by a few minnows at the end of 
their first year; the majority of those in their second year and all older fish are mature. As an 
example, model output is shown in Figure 5.6. for run 1 in Table 5.5., however, it is important 
to note that such an agreement with field observations was obtained for every model run with 
no exceptions. In the age at maturity plots we could clearly see that after a population reached 
stability, no fish below 1 year old matured and that all fish matured during their second year 
of life. 
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Figure 5.6. Age-at-maturity plot. Model output for a stable minnow population (1 model run) 
for a period of 20 years, in terms of annual mean ages at maturity and their standard 
deviations. 
Maximum life span 
 
No maximum life span was imposed on the minnow individuals in the model, neither directly 
by setting a maximum age for individuals nor indirectly via for example a senescent mortality 
function. The only mortality relationship which was implemented is the allometric natural 
mortality-body weight relationship (Lorenzen 1996a). We plotted the population age structure 
(Age structure plot, section 5.2.4.5 Observation) which allowed the comparison of the overall 
age structure and maximum life-span in the model output with observations by Frost (1943) in 
order to check whether they are in agreement. Frost (1943) states that there are certainly three 
age classes in the minnow population, and that data suggests the possibility of the presence of 
a fourth one, and this agrees with the general trend reported in table 6 for the five considered 
model runs in this verification case.  
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Table 5.6. Summary of model output for five stable minnow populations (5 model runs for 20 
years after stability) in terms of mean +- standard deviation and range in parenthesis, of 
observed daily age structure as % of individuals belonging to a certain age class from the total 
population. AC1: individuals of age 0 to 1, AC2: individuals of age 1 to 2, AC3: individuals 
of age 2 -3, AC4: individuals of age 3-4, AC5+: individuals of age > 4 years 
Run ID AC1 AC2 AC3 AC4 AC5+ 
run 1 90.94+-8.95 
(32.07-96.24) 
8.15+-8.22 
(3.30-63.61) 
0.75+-0.72 
(0.17-7.62) 
0.12+-0.11 
(0-1.07) 
0.03+-0.04  
(0-0.52) 
run 2 90.94+-8.85 
(27.68-96.12) 
8.21+-8.11 
(3.39-66.36) 
0.72+-0.72 
(0.11-8.34) 
0.10+-0.12 
(0-1.33) 
0.03+-0.04  
(0-0.41) 
run 3 91.16+-8.40 
(24.97-96.27) 
7.97+-7.75 
(3.32-71.07) 
0.72+-0.61 
(0.20-6.48) 
0.12+-0.11 
(0-1.07) 
0.03+0.04 
(0-0.35) 
run 4 91.24+-8.47 
(33.76-96.43) 
7.94+-7.81 
(3.26-61.97) 
0.70+-0.63 
(0.11-5.91) 
0.11+-0.12 
(0-0.96) 
0.03+-0.05  
(0-0.37) 
run 5 91.26+-8.33 
(31.40-96.62)  
7.95+-7.65 
(3.05-63.78) 
0.69+-0.64 
(0.27-5.77) 
0.08+-0.10 
(0-1.02) 
0.02+-0.04 
(0-0.30) 
 
Egg production 
The model imposes a time window within which mating and spawning may take place, but 
the frequency and timing of mating were not imposed, rather they were left to be determined 
by the availability of mates and the implemented mating behavior. Frost (1943) explains that 
the protracted breeding season is a result of individuals maturing at different times during the 
breeding season, and that the greatest reproductive activity is observed in the first fortnight of 
May (early spawners). Frost had also observed that many fish mature later during the season 
(late spawners) resulting in a later but milder observed reproductive activity. We determined 
the number of eggs produced by the population per day (Egg production plot, section 5.2.4.5. 
Observation) in order to compare the reproductive pattern i.e. timing and magnitude of egg 
production against field observations.  
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Figure 5.7. Reproduction pattern plot. Model output for an example stable minnow population 
(1 model run) for a period of 20 years, in terms of eggs per day. Day 1 is May 1; each 
simulation year starts on May 1 and ends on April 30 and includes a reproductive window 
from May 1 to July 31. 
A plot for the typically obtained egg production pattern in model output is presented in Figure 
5.7. for an example population. One can consistently observe two peaks in reproductive 
activity per annual reproductive season, representing early and late spawners as reported by 
Frost (1943), the first peak being of a relatively higher magnitude and taking place in May 
and the second peak taking place in July (Figure 5.7.). However, Frost (1943) does not state 
that no reproductive activity at all is observed between these two peaks and provides no 
further details; therefore we consider model output to be in agreement with the general egg 
production pattern which was reported from field observations. The provided plots are for one 
model run 1 as an example; however such an agreement with general field observations was 
obtained for every model run with no exceptions and the five considered model runs are 
summarized in Table 5.7. 
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Table 5.7. Summary of model output for five stable minnow populations (5 model runs for 20 
years after stability) in terms of egg number (mean number of shed eggs per year within each 
considered time interval over 20 years +- standard deviation) and frequency of reproduction 
(mean number of days within which spawning took place per year within each considered 
time interval over 20 years +- standard deviation and range within parenthesis) within May 1 
to 15, May 16 to July 14 and July 15 to 31 
Run ID May 1-15  July 15 to 31  
 Egg num. Repro. Freq. Egg num. Repro. Freq. 
run 1 11557 +- 1362  5+-1  (3-6) 4516 +- 596 13+-1 (10-15) 
run 2 11532+-1783 5+-1  (3-7) 4426+-795 12+-2 (9-16) 
run 3 10526+-1636 5+-1  (2-7) 4605+-860 13+-2 (9-16) 
run 4 10422+-1164 5+-1  (2-7) 4248+-574 14+-1 (11-15) 
run 5 10126+-1741 5+-1  (2-10) 4498+-848 14+-2 (10-16) 
No reproduction took place between May 16 and July 14
 
Adult Sex Ratio 
The model assigns sexes at initialization and recruitment in a random way with equal 
probability to be male or female and thus does not impose any sex ratio on the population. We 
determined adult sex ratios (the proportion of adult females as % from total number of adults) 
versus time (Sex ratio plot, section 5.2.4.5. Observation) in order to compare model output to 
reported field observations by Frost (1943); a sex ratio of 63% females versus 37% males 
when considering mature adults only. Visually, one can see in the plots (Figure 5.8. for run 1 
as an example) that females do pre-dominate the adult population. Moreover, the obtained 
mean values for each of the five 20-year model runs (Table 5.8.) agree with the values 
reported by Frost (1943). 
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Figure 5.8. Adult sex-ratio plot. Model output for an example stable minnow population (1 
model run) for a period of 20 years, in terms of % females from total number of adults plotted 
on daily basis.  
 
Table 5.8. Summary of model output for five stable minnow populations (5 model runs for 20 
years after stability) in terms of adults sex ratio (mean percent over 20 years +- standard 
deviation)  
Run ID Females Males 
run 1 59.32 +-8.94 40.68 +-8.94 
run 2 59.67+-8.93 40.33+-8.93 
run 3 59.05+-9.13 40.95+-9.13 
run 4 60.61+-8.93 39.39+-8.93 
run 5 59.70+-9.37 40.30+-9.37 
 
Since growth constants are the only sex-specific factor which is imposed in the model 
resulting in females attaining body sizes-at-age which are larger than those attained by males, 
we consider the agreement of model output with field observations as an indirect validation of 
the plausibility of the implemented allometric natural mortality-body weight relationship  and 
density dependent body growth, as the emergent sex ratio is believed to arise from the 
differential survival probabilities derived from body weights which are in turn derived from 
body lengths. Consistently, noting that mortality rates decrease with the increase in body 
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weight/size, Frost (1943) refers the observed female dominance to the fact that females live 
longer than males. The observed peak values of around 80 to 90% adult females are a result of 
a 1.5 to 2 months difference between the time needed for females and males of the same 
spawning event to reach maturity (Figure 5.8.). This observation is driven by the fact that 
females grow faster than males and thus females of a spawning event reach the range of 
length at maturity months earlier than males of the same age. 
Length-Frequency Distributions 
Length-frequency distributions are emergent rather than imposed in the model and arise from 
the interrelation of growth, survival and recruitment. We used the BehaviorSpace tool in 
Netlogo to collect data on the number of individuals which belonged to 5 mm size classes on 
daily basis for five populations over 20 years, and plotted length-relative frequency 
histograms for the months of April (Figure 5.9.) and October (Figure 5.10.) using pooled data 
for each model run, in order to compare model output with observations reported by Frost 
(1943). On the one hand, Frost (1943) reports a marked falling off in the number of 
individuals of body size above 60 mm and states that the largest captured fish in her study was 
82 mm long. Considering how fish individuals were collected from the sampled population, 
this fall off in number of large-sized individuals can be trusted to reflect reality since such 
large fish are not likely to escape from the nets which had been used for population sampling, 
and an agreement of model output with these field observations can be noted in model output 
for the months of April and October (Figures 5.9. and 5.10.). On the other hand, field data 
being considered here contains random sampling errors, and it is specifically expected by 
Frost (1943) that a higher proportion of smaller sized fish (< 40 mm) actually exists in the 
field since those are most likely to escape the sampling tools. This expectation is further 
verified in the model output of both April and October (Figures 5.9. and 5.10) where higher 
relative frequencies were obtained for individuals below 40 mm body length. 
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In April (Figure 5.9.), both field data and model output show bi-modal distributions which are 
in good agreement and the discrepancies in relative frequencies are not extreme as in the case 
of October (Figure 5.10.). In October, although smaller sized fishes are expected to exist with 
higher relative frequencies, Frost (1943) does not report any fishes of size below 40 mm while 
model output predicts more than 90% of fishes to be within this size range. Part of this 
discrepancy can be justified by random sampling error; however the difference is too big to be 
justified by this aspect only. One factor which is expected to cause this disagreement is the 
fact that we modelled average annual growth rather than seasonal growth whereby individual 
growth slows down and even ceases over the winter period (discussed in section 5.4.). In the 
field, April is the beginning of the annual growth season for the sampled population and 
October is the end of the annual growth season, and therefore, the relative frequency 
histograms which were produced from the model output comprised individuals which have 
completed one year of the assumed continuous annual growth in April (since simulation years 
start on May 1) and thus their attained sizes were correctly predicted, however, in October, 
these individuals had only covered half a year of the assumed continuous annual growth and 
thus their predicted attained sizes were smaller than what would be observed in the field since 
they are expected to grow further over the winter period. According to what we presented, we 
can say that the model correctly captures the propagation of individual growth; however, for 
endpoints of interest where precise size distributions are important, it is best to consider 
model predictions around the beginning of the spawning season since they are correctly 
predicted by the current simplified model implementation. The issue of seasonal growth is 
further elaborated in section 5.8. Model output corroboration. 
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Figure 5.9. Size distribution for the month of April. Model output for five stable minnow 
populations for a period of 20 years versus field observations, in terms of relative frequency 
(% individuals belonging to a certain 5 mm size class out of the total number of individuals 
being considered).  
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Figure 5.10. Size distribution for the month of October. Model output for five stable minnow 
populations for a period of 20 years versus field observations, in terms of relative frequency 
(% individuals belonging to a certain 5 mm size class out of the total number of individuals 
being considered).  
 
5.7. Model Analysis 
This TRACE element provides supporting information on: (1) how sensitive model output 
is to changes in model parameters (sensitivity analysis), and (2) how well the emergence of 
model output has been understood.  
 
Summary: 
Local sensitivity analysis was performed on a subset of the model parameters describing 
the species (Table 5.3., section 5.2.7.).  The analysis aimed to determine the relative 
importance of the inherent uncertainties of input parameter values in relation to 
population abundance, biomass and demographic structure at the beginning of the 
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spawning season (April 30). We referred to Lorscheid et al. (2012) and Thiele et al. 
(2014) for guidance on the general experimental design, methods and result reporting. 
 
In what follows, classical local sensitivity analysis (Thiele et al. 2014) was performed on a 
subset of the Minnow IBM parameters which described the species. The major aim of this 
analysis is to determine the relative influence of the considered parameters (factors) on model 
output (response variables) as a way to understand the relative importance of the inherent 
uncertainties of the chosen input default parameter values. We performed this analysis since it 
was found to be of adequate complexity for the question at hand, while bearing in mind that 
the classical local sensitivity analysis provides only limited information regarding model 
sensitivity and that the interactions between parameters are ignored and that the obtained local 
sensitivities are valid for the considered set of default parameter values only, whereby 
different results might arise if different default values were chosen (Thiele et al. 2014). We 
used the BehaviorSpace tool in Netlogo to run simulation experiments and to collect the 
needed data throughout this model analysis 
Sensitivity analysis factors 
The minnow model includes 21 parameters describing the species. These parameters are listed 
in Table 5.3., section 5.2.7. along with details on their default values, value ranges found in 
the considered literature and information sources. The 21 parameters can be classified into 
two groups based on the relative uncertainty associated with the input default values (section 
5.3. specifies details).  
Group 1:  relatively more certain parameter values derived from empirical field datasets   
(s_GROWTH_CONSTANT_male, s_GROWTH_CONSTANT_female, s_WEIGHT_CONSTANT, 
s_WEIGHT_EXPONENT, s_FECUNDITY_CONSTANT, s_FECUNDITY_EXPONENT, 
s_MORTALITY_EXPONENT, s_LENGTH_AT_MATURITY, 
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s_MORTALITY_AT_UNIT_WEIGHT, s_STRENGTH_OF_DENSITY_DEPENDENCE, 
s_LIMITING_ASYMPTOTIC_LENGTH).  
Group 2:  relatively less certain parameters values which were assumed 
(s_SEX_RATIO_RECRUITS) or assigned based on qualitative expert knowledge that was 
assimilated from literature (s_CORRECTION_FACTOR_EARLY_JUVENILE, 
s_CORRECTION_FACTOR_REPRODUCING_ADULT) or fixed as default values approximated 
from published research which was found generally compatible 
(s_LENGTH_AT_HABITAT_SHIFT, s_LARVAL_SURVIVAL, s_HATCH_SUCCESS)or fixed 
as default values within reported ranges for the simplification of the recruitment procedure 
specifically (s_DAYS_FROM_SPAWNING_TO_HATCH, s_DAYS_FROM_HATCH_TO_SWIMUP, 
s_LENGTH_AT_HATCH , s_LENGTH_AT_SWIMUP).  
We considered Group 2 as factors in our analysis (Table 5.10.). An additional factor was 
considered, o_YEARS_AFTER_STABILITY, in order to test for the effect of the length of 
simulation runs after population stability on the response variables. Alternatively, we could 
have determined the most sensitive parameters by “Morris screening” (Thiele et al. 2014), but 
this was not possible due to constraints in time and computational power. 
Sensitivity analysis response variables 
As was previously mentioned in section 1 (problem formulation), a possible usability of the 
minnow model is to aid in assessing the influence of sub-lethal pesticide effects on minnow 
populations. The specific protection goals for ERA of pesticides in the EU (EFSA 2010, 
2013) specify abundance and biomass as population attributes of interest for terrestrial and 
aquatic vertebrates. We decided to take these two attributes as our response variables in 
addition to a simplified form of demographic structure. 
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The response variables were defined as follows: (1) population abundance was expressed as 
the total number of minnow individuals, (2) population biomass was expressed in terms of 
biomass density i.e. the total weight of individuals divided by the modelled area 
(e_AREA_TOTAL), and (3) the demographic structure of the population was expressed as the 
proportion of juveniles from the total population, keeping in mind that the population is 
composed of juvenile and adult individuals. 
Model output verification of population length-frequency distributions (section 5.6.) 
suggested that length-frequency distributions around the beginning of the spawning season are 
correctly predicted by the current simplified model implementation and that later during the 
year predictions become less accurate. In lights of this observation and since length-frequency 
distributions are a major component of the response variables in the sensitivity analysis, we 
decided to take April 30, just before the beginning of the annual spawning season, as our 
assessment time point for which response variables were calculated.  
Experimental Design 
Prior to performing the sensitivity analysis, the experimental error variance of model output 
was estimated and the needed number of model runs per simulation experiment was 
determined for meaningful and stochastically stable results (Table 5.9.). As suggested by 
Lorscheid et al. (2012), we used the coefficient of variation (cv) for the estimation of 
experimental error variance. It is the ratio of the standard deviation (s) of a number of 
measurements to the arithmetic mean (μ), as a dimensionless and normalized measure of 
variance. 
Error variance estimation was performed on the Minnow IBM with default parameter values 
(Table 5.9.). All data before and including the year in which each population reached its 
carrying capacity were discarded. Starting with a relatively low number of runs (5 runs), the 
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mean response variable values were recorded for every run. Then, the mean and coefficient of 
variance were determined for those recorded values. The number of runs was doubled 
iteratively (10, 20, 40, 80 …etc runs) and the calculation procedure was repeated till the 
coefficient of variance did not change with increasing number of runs anymore. The needed 
number of runs in our local sensitivity analysis to follow was then determined as the number 
of runs at which the coefficient of variation stabilized for all three simulation settings, i.e. 40 
runs as deduced from Table 5.9.  
Table 5.9. Error variance matrix. Mean (μ) and coefficient of variation (cv). Boxes highlight 
the stable means and variation coefficients. 
Response 
variables  
Number of runs 
10 20 30 40 50 60 70 80 90 100 
Abundance           
μ 915.14 912.37 908.02 902.49 900.09 900.58 900.58 900.76 902.22 902.27 
cv 0.03 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Biomass           
μ 46.09 45.97 45.76 45.42 45.33 45.37 45.36 45.38 45.47 45.49 
cv 0.03 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 
Structure           
μ 91.86 91.91 91.86 91.87 91.89 91.90 91.90 91.90 91.90 91.90 
cv 0.002 0.002 0.003 0.002 0.002 0.002 0.002 0.002 0.002 0.002 
           
 
Local sensitivity analysis was performed as a one-factor-at-time analysis as described by 
Thiele et al. (2014). Factors were slightly varied around their default values (Table 5.10.) 
taking one parameter at a time and their sensitivities were calculated (Table 5.11.). For the 
sensitivity analysis, the factors whose values were rational numbers were varied by 5 % 
around their default values, and those whose values were natural numbers were varied by 1 
unit around their default values. o_YEARS_AFTER_STABILITY was varied 10 years around 
its default value of 20 years (Table 5.10.). 
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Table 5.10. Model parameter values used in sensitivity analysis  
Parameters describing the species Default Value  Low Value High Value 
s_CORRECTION_FACTOR_EARLY_JUVENILE 0.5  0.48 0.52 
s_CORRECTION_FACTOR_REPRODUCING_ADULT 1.5 1.43 1.58 
s_LENGTH_AT_HABITAT_SHIFT 31 29.45 32.55 
s_LENGTH_AT_HATCH  4.5 4.28  4.72 
s_LENGTH_AT_SWIMUP 8 7.6 8.4 
s_SEX_RATIO_RECRUITS 50 47.5 52.5 
s_LARVAL_SURVIVAL 0.90 0.86 0.94 
s_HATCH_SUCCESS 0.85 0.81 0.89 
s_DAYS_FROM_SPAWNING_TO_HATCH 4 3 5 
s_DAYS_FROM_HATCH_TO_SWIMUP 14 13 15 
o_YEARS_AFTER_STABILITY 20 10 30 
 
Parameter sensitivities were calculated as the ratio of % change in output and % modification 
in parameter value. Sensitivities of absolute values AS < 1 indicated model robustness and 
those of absolute values AS > 1 indicated a significant effect on model output. This sensitivity 
measure is dimensionless and can be easily compared for all parameters.  
Table 5.11. lists the result of this simple local sensitivity analysis for the Minnow IBM. 
Model output was shown to be generally robust to small changes in parameter values whereby 
the absolute values of sensitivities of all the evaluated parameters were low (AS < 1) to 
moderate (1 =< AS <= 5; not >> 1), except for s_SEX_RATIO_RECRUITS (19 < AS < 20).  
The fact that s_SEX_RATIO_RECRUITS was found to be highly influential on model output does 
not raise much concern since the assumed default value of 50% probability of a newborn to be 
a male or a female is based on basic principles of biology and this assumed probability is 
expected to hold in reality. The sensitivity of o_YEARS_AFTER_STABILITY shows that there 
would have been no added value to our results had we considered model runs longer than the 
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default length of 20 years, and that if we had even considered shorter model runs, the model 
output would not have been significantly affected.  
As a general conclusion, the obtained sensitivity values suggest that the uncertainties 
associated with the assigned default values of these parameters do not highly influence model 
output and thus no major concerns about parameter uncertainties were raised as a result. 
However, the limitations of local sensitivity analysis should be kept in mind whereby non-
linear and interaction effects are not evaluated here.  
Table 5.11. Results of the local sensitivity analysis. The columns list the different model 
outputs (response variables) and the rows the different input variables (parameters or factors). 
Values shown are the ratio of % change in output and % modification in parameter value 
(sensitivities). When changing one parameter, all other parameters are kept constant. 
Sensitivities of absolute value > 1 are highlighted in italic bold. 
Factors (model parameters) 
Response variables (model output) 
Abundance Biomass Structure 
s_CORRECTION_FACTOR_EARLY_JUVENILE    
Low value 
2.27 2.27 0.00 
High value 
-2.88 -2.94 0.00 
s_CORRECTION_FACTOR_REPRODUCING_ADULT    
Low value 0.27 0.27 0.00 
High value -0.73 -0.82 0.01 
s_LENGTH_AT_HABITAT_SHIFT    
Low value -2.73 -3.09 0.05 
High value 2.48 2.91 -0.06 
s_LENGTH_AT_HATCH     
Low value -0.04 -0.10 0.00 
High value -0.33 -0.42 0.00 
s_LENGTH_AT_SWIMUP    
Low value -4.84 -4.64 -0.03 
High value 4.77 4.52 0.03 
s_SEX_RATIO_RECRUITS    
Low value -19.69 -19.48 -19.43 
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Factors (model parameters) 
Response variables (model output) 
Abundance Biomass Structure 
High value -19.81 -19.70 -19.70 
s_LARVAL_SURVIVAL    
Low value -1.44 -1.45 0.00 
High value 0.78 0.74 0.00 
s_HATCH_SUCCESS    
Low value -1.79 -1.90 0.01 
High value 1.10 1.02 0.01 
s_DAYS_FROM_SPAWNING_TO_HATCH    
Low value 0.16 0.14 0.00 
High value -0.19 -0.18 0.00 
s_DAYS_FROM_HATCH_TO_SWIMUP    
Low value 0.28 0.34 -0.01 
High value -0.51 -0.54 0.00 
o_YEARS_AFTER_STABILITY    
Low value -0.02 -0.02 0.00 
High value 0.00 -0.01 0.00 
 
5.8. Model Output Corroboration 
This TRACE element provides supporting information on: How model predictions 
compare to independent data and patterns that were not used, and preferably not even known, 
while the model was developed, parameterized, and verified. By documenting model output 
corroboration, model users learn about evidence which, in addition to model output 
verification, indicates that the model is structurally realistic so that its predictions can be 
trusted to some degree.  
 
Summary: 
A comparison of model predictions to independent data patterns was performed, namely 
the annual pattern of population biomass density and the seasonal growth pattern for a 
temperate minnow population. These comparisons provided additional evidence that the 
model is structurally realistic.  
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The annual pattern of population biomass density 
The model assumes “global” biomass density to be a very good predictive variable for the 
effects of competition between individuals for food resources and implements a linear 
relationship between individual asymptotic length and biomass density rendering individual 
fish growth density dependent. This relationship was not strictly parameterized from minnow 
specific data, rather general relationships and parameters published for freshwater fish were 
also involved as needed along with apriori assumptions due to issues related to data 
availability (section 5.2.7. and section 5.4.). The annual population biomass density pattern 
was not imposed but has emerged. We plotted population biomass density (the total weight of 
all minnow individuals found in the modelled population per day divided by the total area 
being modelled) versus time (Biomass density plot, section 5.2.4.5. Observation) in order to 
compare model output to reported field observations on a minnow population in a temperate 
stream in the United Kingdom, namely Seacourt stream, Berkshire (Pitcher and Hart, 1982 p. 
146).  
Pitcher and Hart (1982) state that population biomass varied seasonally reflecting an upsurge 
in biomass density due to high growth rates in spring and summer followed by a down surge 
due to mortality effects as winter approached and growth slowed down coming to a stop. 
Since we had related individual growth to biomass density without making any direct relation 
to temperature as an environmental variable (as discussed in section 5.4. and section 5.6.) a 
general agreement of the emergent biomass density pattern in model output with the reported 
one would fortify our confidence in the structural realism of the model and its predictions. 
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Figure 5.11. Biomass density plot. Model output for an example stable minnow population for 
a period of 20 years (A), a detailed extract for year 20 (B) and a field observation (C) for 
comparison. Absolute values of biomass density in (B) and (C) are not comparable since they 
reflect different water bodies with different carrying capacities. 
A general agreement between the variation of model output and field observations is 
demonstrated in Figure 5.11., and similar to the case in section 5.6., the continued slight  
biomass density increase, over the winter months (November, December, January and 
February) in model predictions versus a decrease recorded in field observations can be 
attributed to the simplification of the individual growth function whereby growth constants 
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were not directly related to temperature i.e. seasonal growth was not explicitly modelled in 
relation to temperature, rather continuous growth was assumed. 
Seasonal growth 
In temperate regions, the growth of fish varies seasonally whereby it slows down or even 
stops in winter months (e.g. Mann 1971) and this seasonal growth pattern was reported in 
Seacourt Stream, Berkshire, UK (Figure 5.12. obtained from Pitcher 1971, supplied by the 
author after personal communication since no electronic version of the doctoral thesis is 
available).  
 
Figure 5.12. Observed length-at-age plot for a minnow population in Seacourt Stream, 
Berkshire, UK (supplied by Pitcher from Pitcher 1971). 
 
The basic VBGF function, when fitted to annual size-at-age data, would predict fish size 
correctly at only one time per year, the time the field population was sampled, and it assumes 
that the seasonal variation in growth of temperate fishes, although present and acknowledged, 
is of little or no importance (Pitcher and Macdonald 1973). We did not strictly implement the 
basic VBGF function which predicts average annual growth of fish without relating it to any 
environmental factors. What we did was to link this VBGF function to population density via 
a linear relationship between asymptotic length Linf and population biomass density, reflecting 
effects of food availability on anabolism. Although we did not simultaneously link the VBGF 
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growth constant k to external temperature, in order to directly account for seasonal effects of 
temperature on catabolism, the biomass density pattern which emerged in model output as 
shown in Figure 5.11. hinted that some seasonality in individual growth might be readily 
accounted for in the current implementation. As a way to get a feeling on whether and how far 
seasonal growth has actually emerged in model output due to the implemented density 
dependent but temperature independent VBGF function, we plotted (Figure 5.12.) the average 
length (mm) at age (months) for 1-year model output for a stable minnow population, and 
compared growth with that reported by Pitcher (1971) in Figure 5.10. The needed data was 
collected at the end of every month of the considered simulation year, starting by the month of 
May (o_simulationDay 31, 61, 92, 123, 153,184, 214, 245, 276, 304, 335 and 365). The 
exported data included a list of all individuals found on the relevant simulation day, their 
i_length and their i_age.  
 
Figure 5.13. Mean length-at-age as model output for a stable minnow population over one 
simulation year and length-at-age as predicted by the fitted basic VBG function to unsexed 
data measured by Frost (1943) and detailed in Figure A.III.4. in Appendix III.  
 
Figure 5.13. shows that average annual growth agrees with reported field observations which 
are of the same temporal resolution (Frost 1943). This figure reinforces our attributions of the 
observed discrepancies in model output and field observations in the October length-
frequency distributions (Figure 5.10.) to the assumed continuous growth rather than a 
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seasonal one as that reported in Figure 5.12. A seasonal growth pattern does not emerge in the 
model output although the emergent annual pattern of population biomass density in model 
output agrees to a certain extent with field observations as observed in Figure 5.11. 
 
After finalizing the model development a new literature research was conducted to check if in 
the meantime new field data on the Eurasian minnow are available which could be used for 
model corroboration. No new relevant information was found (November 2014). Thus, based 
on the available data the model is considered to describe local population dynamics of 
Eurasian minnow in temperate regions reasonably well.  
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6.1. Main Outcomes  
The richness of European freshwaters was lately demonstrated by Kottelat and Freyhof 
(2007) who recognized the existence of 546 native freshwater fish species in European 
lakes, swamps, rivers, streams and ponds. This richness is however unfortunately faced 
by the fact that at least 200 of the recognized species are threatened according to the 
IUCN Red List Categories and Criteria (www.iucnredlist.org). Numerous threats, mainly 
anthropogenic (e.g. excessive water abstraction, damming, channelization, eutrophication, 
the introduction of invasive alien species and pollution), can lead to species declines and 
extinctions. Agricultural pesticides may pollute freshwaters and cause adverse effects on 
existing non-target fishes contributing thereby to the factors causing biodiversity loss.  In 
this context, thorough ecological risk assessments (ERA) of pesticides on fish as well as 
other non-target organisms are performed prior to the registration of pesticides and their 
allowance into the market, in order to protect the environment from the possible adverse 
effects (EC 2009).  
Key issues for the pesticide risk assessment of fish were put forward in Chapter 1, the 
thesis introduction (EFSA 2010, 2013, 2014 as main references), and these issues were 
the base for formulating the research objectives of the FISH-2 project within the CREAM 
International Training Network (www.cream-itn.eu), the results of which constitute this 
thesis:  
1. the acceptance of population modelling as a tool which, when used in 
combination with organism-level results from standard toxicity tests, would 
improve the ecological relevance of current practice in the effect assessment of 
pesticides in Europe; 
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2. the relevance of population modelling as a refinement option for Tier-3 effect 
assessment of pesticides on fish, specifically for sub-lethal effects. This is in line 
with the proposed specific protection goals (SPGs) under the ecological threshold 
option which addresses the survival of individuals and the abundance / biomass of 
populations; 
3. the necessity to identify suitable fish species which are to be modelled in service 
of population-level pesticide effect assessment, specifically focal species which 
can represent vulnerable ones in the field; and 
4. the importance of a full documentation of the modelling process when developing 
population models for the risk assessment of pesticides in order to establish model 
quality and credibility throughout all the stages of model development, analysis 
and application (Agusiak et al. 2014, Grimm et al. 2014).  
A comprehensive and science-based stepwise filtering approach that included both 
exclusion criteria which defined the high susceptibility of a species to pesticide exposure 
(Chapter 2, Ibrahim et al. 2013) and matrix population modelling which linked the life-
cycle traits of most of the formerly listed species to their population vulnerability 
(Chapter 3, Ibrahim et al. 2014) resulted in the suggestion of three focal species for 
population modelling in service of ERA of pesticides on fish in Europe. Out of the 
suggested focal species, one was modelled in more detail in Chapter 4 and the modelling 
process was thoroughly documented in Chapter 5. 
 In Chapter 2 (Ibrahim et al. 2013), it was possible to reduce the ecological complexity of 
the situation in the field whereby 27 native fish species out of 546 were found to be 
broadly distributed in Europe and living/preferring relatively small water bodies like the 
ones considered as edge-of-field water bodies for pesticide exposure assessment. This list 
only included species which are representative at the geographical level of the European 
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Union since they are widespread in at least one of the regulatory zones (EC 2009, Annex 
I). The listed species were considered as most likely exposed to pesticide entries directly 
from agricultural fields. It should be noted however that other species such as non-native, 
endemic or localized species, as well as species that sporadically can occur in small water 
bodies but usually inhabit bigger ones may also be exposed which are important for the 
national or regional registration of pesticides. The approach applied in Chapter 2 (Ibrahim 
et al. 2013) to identify potentially exposed species as a first step to define focal species 
for risk assessment used filtering criteria which were carefully justified in order to 
highlight factors of importance without distorting our study outcomes. The filtering 
approach was well-received and ultimately acknowledged by latest scientific opinion on 
good modelling practice in the context of mechanistic effect models for the risk 
assessment of pesticides (EFSA 2014). All information which was gathered on the 
species’ geographic range, habitat preference and conservation status was structured into 
Appendices I and II providing thereby a very useful reference at least in case a similar but 
more refined identification of focal species for ERA shall be formally performed in the 
future. 
In Chapter 3 (Ibrahim et al. 2014), based on data which were obtained from published 
studies, demographic field studies mainly, it was possible to parameterize age-based 
matrix models for 21 out of the 27 fish species extracted in Chapter 2 (Ibrahim et al. 
2013). These relatively simple models provided a unified environment which allowed the 
comparison of the population resilience of fish populations when faced with hypothetical 
pesticides that affect juvenile survival, adult survival or fertility. A major conclusion in 
Chapter 3 (Ibrahim et al. 2014) was that there exists no single fish species which can 
serve as a focal species for all types of pesticide effects due to the fact that population 
dynamics result from a balance between mortality and reproduction whereby an increase 
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in the demographic importance of one is associated with a decrease in the demographic 
importance of the other. Therefore a focal species was suggested for each of the 
considered types of pesticide effects, two focal species regarding fish juvenile and adult 
survival (the European brook lamprey and pike respectively) and one focal species, the 
Eurasian minnow Phoxinus phoxinus, regarding fish reproduction. Mainly, a long 
lifespan, relatively high annual survival rates and an extended juvenile stage contributed 
to population vulnerability in the first case, a long lifespan, relatively high annual survival 
rates and an extended adult stage in the second case and in the third case, a short lifespan 
and relatively low annual survival rates. The results of this chapter and the accompanying 
appendix (Appendix II) provide a dataset and guide to data sources which can be very 
useful for modelling applications in ERA of pesticides in Europe since they reflect the 
variation in the life histories of the species that are most likely exposed to pesticides in 
the environment and hence the variation in population-level responses to possible toxic 
stress. The matrix models allowed the projection of effects on vital rates on population 
multiplication rates in service of comparing life histories of fish in the field, but they do 
not allow precise prediction of toxic effects and the future population structure and 
dynamics, which would be needed in ERA. For such predictions, more detailed models 
are needed which can incorporate important population-level processes such as density 
dependence which drives the populations’ compensatory ability after disturbance, in this 
context toxic effects which reduce population abundance and biomass. Therefore, and in 
lights of SPGs for fish i.e. the avoidance of more than negligible effects on populations 
that can result from sub-lethal effects on the organism level, P. phoxinus was modelled in 
more detail.  
In Chapter 4, an individual based model for the minnow was achieved, the Minnow IBM. 
The proximate purpose of this model is to reproduce the field population dynamics in 
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edge-of-field streams in the European temperate region with the ultimate aim to allow 
population-level ERA of pesticides in edge-of-field water bodies especially when sub-
lethal effects are likely. The model handles the minnow population dynamics by 
accounting for individual variability and the effect of population density on individual 
growth and of habitat preference and reproductive behavior on individual survival. Model 
design and parameterization are based on field data and demographic patterns which had 
been reported since 1940 and till this day, for minnow populations in general while 
focusing on populations in temperate regions. Before the model can be used to extrapolate 
from results of eco-toxicological tests to field population it was first important to test the 
IBM on patterns observed for unaffected populations in the field so that pesticide case 
studies later can reflect potential effects with a certain degree of confidence. Model 
output was shown to match unimplemented qualitative and sometimes quantitative 
observations on minnow populations in the European temperate region, and when 
discrepancies were observed, they were explained as far as possible by further 
investigation. It was then demonstrated that the IBM is able to consider the relevant 
results of chronic toxicity test, represented by the fish full life-cycle tests, specifically 
effects on fertility, hatchability, larval survival in addition to shifts in sex-ratios. 
Stochastically stable simulation settings, worst-case scenarios, population-level endpoints 
and acceptable levels of effects were suggested in this context. In addition, suggestions 
were given for refinement in lights of model testing and application whereby it was 
mainly concluded that a more refined modelling of fish growth should considerably 
improve the accuracy of fish size predictions with time, specifically the consideration of 
seasonal growth patterns in temprate regions.  
In Chapter 5, a compete TRACE document for the Minnow IBM is provided which 
documents the modelling cycle in line with good modelling practice. To our knowledge, 
Chapter 6 – General conclusions 
167 
 
this document is among the most complete TRACE documents which exist so far. The 
document allows an in-depth evaluation of the model concept, implementation, 
parameterization and testing, and provides supporting evidence that the model was 
thoughtfully designed, correctly implemented, thoroughly tested, well understood and 
appropriately used for its intended purpose. 
6.2. Future Possibilities 
The identification of focal fish species (in Chapter 3, Ibrahim et al. 2014) did not consider 
the intrinsic sensitivities of the likely exposed freshwater fish species which were listed in 
Chapter 2 (Ibrahim et al. 2013). Moreover, the age-based matrix models used in Chapter 
3 (Ibrahim et al. 2014) did not allow the consideration of possible adverse effects of 
pesticides on fish growth and on sex ratios, and therefore no focal species were suggested 
for such types of chemical effects. 
In order to fully address the population vulnerability of the considered species, 
toxicological sensitivity should also be taken into account. As explained in Chapter 3 
(Ibrahim et al. 2014), it was not possible to consider toxicological sensitivity in this study 
for reasons of inavailability of toxicity data, ethical and practical reasons which stand in 
the way of further testing, and the substance specificity of toxicity. In this context, we 
suggested focal species considering the identified least resilient species in Chapter 3 
(Ibrahim et al. 2014, worst-case exposed life histories in the field) whose populations 
should be modelled. Combining effects observed in standard fish tests with population 
models of those species would result in more certain estimations of true risks and increase 
the ecological relevance of ERA to field conditions in Europe. For example, ERA for 
birds and mammals extrapolates toxicity data for rats or quails (standard test species) to 
voles and sky larks (focal species) by the use of assessment factors (EFSA 2008). 
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However, it may also be possible to link the traits of the potentially exposed species listed 
in Chapter 2 (Ibrahim et al. 2013) to their expected toxicological sensitivity and thereby 
to conclude representative species based on exposure potential and a mode-specific 
sensitivity ranking (Rubach et al. 2010). Nevertheless, trait-based methods for the inter-
species extrapolation of sensitivity are under development and more effort is still needed 
(Baird and van den Brink 2007). One other possibility is to use physiologically-based TK-
TD modelling to predict toxicity to the different fish species based on in vitro data 
(Stadnicka et al. 2012). 
Regarding the possibility to further identify focal fish species for the assessment of 
pesticide effects on growth and on sex-ratios, one way to achieve this is by comparing the 
three suggested focal species in Chapter 3 (Ibrahim et al. 2014) for population resilience 
under such effects. These three species were concluded by considering the main drivers of 
population dynamics (survival and reproduction) and therefore they can be considered as 
representative of the variability of the population sustainability of the remaining listed 
species in Chapter 2 (Ibrahim et al. 2013) due to effects on growth and sex-ratios. To 
address the effect of changes in sex ratios on populations of the three suggested focal 
species, it may be sufficient to compare their breeding strategies on which such effects 
are heavily dependent (Hazlerigg et al. 2014) in case these strategies turned out to be 
obviously different. Else, further investigation and probably modelling might be needed. 
At least for the minnow, we could demonstrate in Chapter 4 that it has higher 
compensatory abilities for effects on sex ratio as compared to the other considered sub-
lethal effects each considered separately. Concerning effects on growth, one way would 
be to construct stage-based matrix models instead of age-based (Caswell 2001) for the 
three suggested focal species and to perform an analysis similar to that in Chapter 3 
(Ibrahim et al. 2014, elasticity analysis) whereby effects on growth can be represented by 
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alterations in stage durations. Age-based models were previously chosen for the analysis 
in Chapter 3 (Ibrahim et al. 2014) to simplify parameter calculation for the 21 considered 
species from the readily available data in published and unpublished literature.  
For an IBM to be suitable for direct application in the decision making process, it has to 
meet a multitude of essential criteria (EFSA 2014). This current model implementation 
aimed to lay foundations for such an advanced IBM for the minnow which can serve as a 
tool that takes toxicity test data as input and extrapolates them to the population level. As 
a first step, we developed in Chapter 4 an adequately simple ecological IBM for the 
minnow, based on available literature data and the rich heritage of scientific theory in fish 
ecology and population dynamics, evaluated and validated its output against long-term 
population dynamics and patterns which have been observed in the field, and performed a 
first demonstration of applicability to results of chronic tests. As a result, we 
demonstrated the extent to which we are currently able to reflect reality and we 
pinpointed the important aspects that would need further development in the more 
advanced IBM. This model can therefore be used for case studies, while minding the 
simplifying assumptions and limitations when interpreting output, and can as well be 
explored in support of planning of further data collection for more developed versions. 
Given that suitable data is made available, the Minnow IBM can be further developed. 
Spatially explicit variants of the IBM can be considered whereby environmental aspects 
of minnow habitats such as climate and limitations of spawning grounds, behavioural 
aspects of the minnow such as shoaling and the resulting local population densities and 
their effect on population dynamics, as well as different exposure scenarios to pesticides 
in space may be explored and incorporated if found important. Also, it can be tested if the 
population model may be linked to toxicokinetic-toxicodynamic (TK-TD) models which 
allow a more mechanistic description of the effect on the organism level; relating effects 
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on life-cycle traits not directly to the time-variable test item concentration in the water, 
but to internal concentrations and modes of action. 
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Appendix I: A comprehensive list of European 
freshwater fish species and details on their geographic 
range, habitat and conservation status 
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This content of this appendix is available online in a modified form, as supplimentary 
material for Ibrahim et al. 2013(Chapter 2). 
This appendix lists all the fish species which are found in European freshwaters according 
to the handbook by Kottelat and Freyhof (2007). Species which did not meet the filtration 
criteria in Chapter 2 and thus were not considered as highly susceptible species to 
pesticide exposure in the European Union (EU) are listed in Table A.I.1. and grouped 
according to the criteria by which they were excluded from our final list of 27 potentially 
exposed species. Tables A.I.2. and A.I.3. list the potentially exposed species to pesticides 
in the EU and provide details on their geographic range and habitat respectively. Extra 
information which was considered from books and online resources to complement the 
handbook is also provided. 
Abbreviations: 
Geographic zones: North (N), Center (C), Sounth (S) 
Conservation Status: endangered (EN), least concern (LC), critically endangered (CR), 
near threatened (NT), data deficient (DD), vulnerable (VU), extinct 
in the wild (EW) 
Data sources as superscripts within tables: 
1. Kottelat and Freyhof (2007)  
2. EC 2009, Annex I  
3. Froese and Pauly (2011) 
4. Drecomm (2011) 
5. Dußling & Berg (2001) 
6. Vilcinskas (1993) 
 
 
Table A.I.1. Freshwater fish species which were reported to be present in Europe, but did 
not meet all the filtration criteria in chapter 2, and thus were not considered as highly 
susceptible to pesticide exposure in the EU. Exclusion criteria are highlighted in grey 
rows.  
Species1 Family1 Common 
names1 
Zone2 Distribution 
in EU1 
Conservation 
status1 
Non-native to Europe      
Acipenser baerii Acipenseridae 
(Sturgeons) 
Siberian 
sturgeon 
none Accidental 
releases 
throughout 
Europe 
Alien to 
Europe 
Ambloplites rupestris Centrarchidae 
(sunfishes) 
Rock bass S, C France, 
England, 
Germany  
Alien to 
Europe 
Ameiurus melas Ictaluridae (North 
American 
catfishes) 
Black bullhead S,C Spain, France, 
Italy, 
Germany, 
Netherlands 
Alien to 
Europe 
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Species1 Family1 Common 
names1 
Zone2 Distribution 
in EU1 
Conservation 
status1 
Ameiurus nebulosus Ictaluridae (North 
American 
catfishes) 
Brown 
bullhead 
N,C,S Germany, 
Italy, Finland 
Alien to 
Europe 
Australoheros facetus Cichlidae 
(Cichlids) 
Chanchito S Spain, 
Portugal 
Alien to 
Europe 
Carassius auratus Cyprinidae (carps, 
minnows) 
Goldfish N,C,S ambiguous 
data 
Alien to 
Europe 
Ctenopharyngodon idella Cyprinidae (carps, 
minnows) 
Grass carp N,C,S all over 
Europe, 
Aquaculture 
Alien to 
Europe 
Culaea inconstans Gasterosteidae 
(Sticklebacks) 
Brook 
stickleback 
C,N Germany, 
Finland 
Alien to 
Europe 
Fundulus heteroclitus Fundulidae 
(killifishes, 
topminnows) 
Mummichog S Portugal, 
Spain 
Alien to 
Europe 
Gambousia holbrooki Poeciliidae 
(livebearers, 
poeciliids) 
Eastern 
mosquitofish 
S established 
throughout 
southern 
Europe 
Alien to 
Europe 
Hemichromis fasciatus Cichlidae 
(Cichlids) 
Five-spot 
cichlid 
C Austria Alien to 
Europe 
Hemichromis guttatus Cichlidae 
(Cichlids) 
Jewel cichlid C Austria Alien to 
Europe 
Herotilapia multipinosa Cichlidae 
(Cichlids) 
Rainbow 
cichlid 
C Hungary Alien to 
Europe 
Hypophthalmichthys molitrix Cyprinidae (carps, 
minnows) 
Silver carp N,C,S all European 
drainages 
Alien to 
Europe 
Hypophthalmichthys nobilis Cyprinidae (carps, 
minnows) 
Bighead carp N,C,S all European 
drainages 
Alien to 
Europe 
Ictalurus punctatus Ictaluridae (North 
American 
catfishes) 
Channel 
catfish 
S Spain, Italy Alien to 
Europe 
Lepomis gibbosus Centrarchidae 
(sunfishes) 
Pumpkinseed N,C,S abundant in 
Mediterranean 
countries 
Alien to 
Europe 
Liza haematocheilus Mugilidae 
(mullets) 
Soiyu mullet none absent from 
EU 
Alien to 
Europe 
Micropterus salmoides Centrarchidae 
(sunfishes) 
Largemouth 
bass 
N,C,S widespread 
throughout 
Europe 
Alien to 
Europe 
Misgurnus anguillicaudatus Cobitidae  (spined 
loaches) 
Asian weather 
loach 
C,S Germany, 
Italy 
Alien to 
Europe 
Mylopharyngodon piceus Cyprinidae (carps, 
minnows) 
Black carp none stocking 
declining 
Alien to 
Europe 
Odonthestes bonariensis Atherinopsidae 
(neotropical 
silversides) 
La Plata 
Silverside 
S Italy Alien to 
Europe 
Oncorhynchus gorbuscha Salmonidae 
(salmons, trouts, 
charrs) 
Pink salmon C,N Scotland, 
Finland 
Alien to 
Europe 
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Oncorhynchus mykiss Salmonidae 
(salmons, trouts, 
charrs) 
Rainbow trout C,S established in 
Austria, 
Slovenia, Italy 
Alien to 
Europe 
Oreochromis niloticus Cichlidae 
(Cichlids) 
Nile tilapia S Greece, Italy Alien to 
Europe 
Oryzias sinensis Adrianychthyidae 
(ricefishes) 
Chinese 
medaka 
none absent from 
EU 
Alien to 
Europe 
Perccottus glenii Odontobutidae 
(sleepers) 
Amur sleeper N,C Finland, 
Poland, 
Slovakia, 
Hungary 
Alien to 
Europe 
Pimephales promelas Cyprinidae (carps, 
minnows) 
Fathead 
minnow 
C,S Belgium, 
France 
Alien to 
Europe 
Poecilia reticulata Poeciliidae 
(livebearers, 
poeciliids) 
Guppy C,S Hungary, 
Romania, 
England, 
Netherlands, 
Germany, 
Spain 
Alien to 
Europe 
Pseudorasbora parva Cyprinidae (carps, 
minnows) 
Pseudorasbora N,C,S Denmark, 
Central EU 
except 
Ireland, 
Luxembourg, 
& Slovenia, 
Southern EU 
except Cyprus 
& Malta 
Alien to 
Europe 
Salvelinus fontinalis Salmonidae 
(salmons, trouts, 
charrs) 
Brook charr N,C,S stocked 
throughout 
Europe 
Alien to 
Europe 
Salvelinus namaycush Salmonidae 
(salmons, trouts, 
charrs) 
American lake 
trout 
N, S Sweden, 
Finland, 
France, Italy 
Alien to 
Europe 
Umbra pygmaea Umbridae 
(mudminnows) 
Eastern 
mudminnow 
C, S Germany, 
Netherlands, 
Belgium, 
Poland, 
France 
Alien to 
Europe 
Currently Extinct 
Alburnus danubicus Cyprinidae (carps, 
minnows) 
Danube 
shemaya 
C,S Romania, 
Bulgaria 
Extinct 
Chondrostoma scodrense Cyprinidae (carps, 
minnows) 
Skadar nase none Absent from 
EU 
Extinct
Coregonus bezola Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Bezoule S France Extinct
Coregonus fera Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Fera S France Extinct
Coregonus gutturosus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Bodensee 
kilch 
C Germany, 
Austria 
Extinct
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Coregonus hiemalis Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Gravenche S France Extinct
Coregonus oxyrinchus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Houting C UK, 
Germany, 
Netherlands, 
Belgium 
Extinct
Coregonus restrictus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Ferit none Absent from 
EU 
Extinct
Eudontomyzon sp. migratory Petromyzonidae 
(Lampreys) 
Ukranian 
migratory 
lamprey 
none Absent from 
EU 
Extinct
Gasterosteus crenobiontus Gasterosteidae 
(Sticklebacks) 
Techirghiol 
stickleback 
C Romania Extinct
Romanogobio antipai Cyprinidae (carps, 
minnows) 
Danube delta 
gudgeon 
C Romania Extinct
Salmo schiefermuelleri Salmonidae 
(salmons, trouts, 
charrs) 
Mayforelle C Austria Extinct
Salvelinus profundus Salmonidae 
(salmons, trouts, 
charrs) 
Tiefseesaibling C Germany, 
Austria 
Extinct
Salvelinus neocomensis Salmonidae 
(salmons, trouts, 
charrs) 
Jaunet, biblet none Absent from 
EU 
Extinct
Do not live in streams, ditches and ponds rather mainly in lakes, swamps, large rivers or on shores and are 
also of restricted geographical range within the EU 
Achondrostoma occidentale Cyprinidae (carps, 
minnows) 
Western 
ruivaco 
S Portugal EN 
Achondrostoma oligolepsis Cyprinidae (carps, 
minnows) 
Ruivaco S Portugal LC 
Acipenser gueldenstaedtii Acipenseridae 
(Sturgeons) 
Russian 
sturgeon 
C currently in 
Romania  
CR 
Acipenser naccarii Acipenseridae 
(Sturgeons) 
Adriatic 
sturgeon 
S Italy CR 
Acipenser ruthenus Acipenseridae 
(Sturgeons) 
Sterlet C Romania, 
Hungary, 
Slovenia, 
Poland, 
Austria, 
Germany 
EN 
Acipenser stellatus Acipenseridae 
(Sturgeons) 
Stellate 
sturgeon 
C currently in 
Romania 
CR 
Acipenser sturio Acipenseridae 
(Sturgeons) 
Atlantic 
sturgeon 
S currently only 
in France & 
declining 
CR 
Alburnoides prespensis Cyprinidae (carps, 
minnows) 
Prespa spirlin S Greece  VU 
Alburnus belvica Cyprinidae (carps, 
minnows) 
Prespa bleak S Greece VU 
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Alburnus macedonicus Cyprinidae (carps, 
minnows) 
Doiran bleak S Greece CR 
Alburnus mandrensis Cyprinidae (carps, 
minnows) 
Mandras 
shemaya 
S Bulgaria CR 
Alburnus mento Cyprinidae (carps, 
minnows) 
Seelaube C Germany, 
Austria 
LC 
Alburnus sarmaticus Cyprinidae (carps, 
minnows) 
Pontian 
shemaya 
C Slovenia  EN 
Alburnus schischkovi Cyprinidae (carps, 
minnows) 
Resowska 
shemaja 
S Bulgaria EN 
Alburnus sp. Volvi Cyprinidae (carps, 
minnows) 
Volvi bleak S Greece NT 
Alburnus thessalicus Cyprinidae (carps, 
minnows) 
Thessaly bleak S Greece, 
Bulgaria 
LC 
Alburnus vistonicus Cyprinidae (carps, 
minnows) 
Vistonis 
shemanja 
S Greece CR 
Alburnus volviticus Cyprinidae (carps, 
minnows) 
Yalartza S Greece EN 
Alosa agone Clupeidae 
(Herrings, shads) 
Agone S Italy  LC 
Alosa algeriensis Clupeidae 
(Herrings, shads) 
North African 
shad 
S Italy DD 
Alosa alosa Clupeidae 
(Herrings, shads) 
Allis shad N,C,S coasts LC 
Alosa fallax Clupeidae 
(Herrings, shads) 
Twaite shad N,C,S Northern & 
Central EU, in 
Southern EU 
exclusive to 
coasts 
LC 
Alosa immaculata Clupeidae 
(Herrings, shads) 
Black Sea shad C Romania VU 
Alosa killarnensis Clupeidae 
(Herrings, shads) 
Killarney shad C Killarney, 
Ireland  
CR 
Alosa macedonica Clupeidae 
(Herrings, shads) 
Macedonian 
shad 
S Greece lakes 
Volvi & 
Koronia 
VU 
Alosa maeotica Clupeidae 
(Herrings, shads) 
Azov shad C,S 
coasts 
Romania, 
Bulgaria 
LC 
Alosa tanaica Clupeidae 
(Herrings, shads) 
Black Sea shad C,S 
coasts 
Romania, 
Bulgaria 
LC 
Alosa vistonica Clupeidae 
(Herrings, shads) 
Thracian shad S Lake Vistonis, 
Greece 
CR 
Aphanius almiriensis Cyprinodontidae 
(Toothcarps) 
Almiri 
toothcarp 
S Greece CR 
Aphanius baeticus Cyprinodontidae 
(Toothcarps) 
Quadalquivir 
toothcarp 
S Spain EN 
Aphanius fasciatus Cyprinodontidae 
(Toothcarps) 
Mediterranean 
toothcarp 
S Southern 
coasts 
LC 
Aphanius iberus Cyprinodontidae 
(Toothcarps) 
Fartet, Spanish 
toothcarp 
S Spain EN 
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Barbus macedonicus Cyprinidae (carps, 
minnows) 
Macedonian 
barbel 
S Greece DD 
Barbus plebejus Cyprinidae (carps, 
minnows) 
Padanian 
barbel 
S,C Italy, Slovenia LC 
Barbus prespensis Cyprinidae (carps, 
minnows) 
Prespa barbel S Greece VU 
Barbus tyberinus Cyprinidae (carps, 
minnows) 
Horse barbel S Italy LC 
Barbus waleckii Cyprinidae (carps, 
minnows) 
Vistula barbel C Poland LC 
Benthophilus nudus Gobiidae (Gobies) black-sea 
tadpole goby 
C, S Romania, 
Bulgaria 
LC 
Chondrostoma prespense Cyprinidae (carps, 
minnows) 
Prespa nase S Greece VU 
Chondrostoma soetta Cyprinidae (carps, 
minnows) 
Savetta N,S Slovenia, Italy EN 
Clupeonella cultriventris Clupeidae 
(Herrings, shads) 
Black Sea 
tyulka 
S,C Romania, 
Bulgaria  
LC 
Cobitis elongata Cobitidae  (spined 
loaches) 
Balkan spined 
loach 
C,S Slovenia, 
Romania, 
Bulgaria 
LC 
Cobitis ohridana Cobitidae  (spined 
loaches) 
Ohrid spined 
loach 
S Greece LC 
Coregonus arenicolus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Sandfelchen C Germany, 
Austria 
VU 
Coregonus atterensis Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Reinanke C Austria VU 
Coregonus austriacus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Kröpfling C Austria CR 
Coregonus bavaricus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Ammersee 
kilch 
C Austria CR 
Coregonus candidus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Bondelle S France, Italy VU 
Coregonus clupeoides Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Powan C Scotland VU 
Coregonus danneri Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Riedling C Austria VU 
Coregonus fontanae Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Stechlin cisco C Germany LC 
Coregonus hoferi Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Schwebrenke C Germany CR 
Coregonus holsatus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Schaalsee 
maraene 
C Germany EW 
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Coregonus lavaretus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Lavaret S France VU 
Coregonus lucinensis Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Quietschbüker C Germany VU 
Coregonus macrophthalmus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
gangfisch C Germany, 
Austria 
LC 
Coregonus maraenoides Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Peipsi 
whitefish 
N,C Estonia, 
Germany, 
Poland, 
Netherlands 
VU 
Coregonus maxillaris Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Storsik N Sweden LC 
Coregonus megalops Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Blasik N Sweden, 
Finland 
LC 
Coregonus nilssoni Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Planktonsik, 
edelmaraene 
N,C Sweden, 
Denmark, 
Poland 
LC 
Coregonus palaea Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Palee S France LC 
Coregonus pallasii Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Aspsik N Sweden, 
Finland 
LC 
Coregonus pennantii Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Gwyniad C UK CR 
Coregonus pidschian Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Arctic 
wehitefish, 
pidschian 
N Finland LC 
Coregonus pollan Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Pollan C Ireland EN 
Coregonus renke Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Renke C Germany, 
Austria 
DD 
Coregonus stigmaticus Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Schelly C UK EN 
Coregonus suidteri Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Balchen S Italy LC 
Coregonus trybomi Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Spring 
spawning 
cisco 
N Sweden CR 
Coregonus vandesius Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Vendace C UK EN 
Coregonus wartmanni Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Blaufelchen C Germany, 
Austria 
LC 
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Coregonus widegreni Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Valaamka, 
Sandsik 
N,C Sweden, 
Finland, 
Germany 
DD 
Cottus petiti Cottidae 
(sculpins, 
bullheads) 
Lez sculpin S France VU 
Cottus scaturigo Cottidae 
(sculpins, 
bullheads) 
Timavo 
sculpin 
S Italy VU 
Economidichthys trichonis Gobiidae (Gobies) trichonis dwarf 
goby 
S 2 lakes in 
Greece 
LC 
Gobio feraeensis Cyprinidae (carps, 
minnows) 
Thessaly 
gudgeon 
S Greece VU 
Gobio obtusirostris Cyprinidae (carps, 
minnows) 
Danube 
gudgeon 
C,S Austria, 
Germany, 
Slovenia, 
Romania, 
Hungary, 
Slovakia, 
Czech 
Republik, 
Bulgaria 
LC 
Gobio ohridanus Cyprinidae (carps, 
minnows) 
Ohrid gudgeon S imported to 
France, 
probably 
other 
countries 
VU 
Gymnocephalus baloni Percidae (perches) Danube ruffe C, S Romania, 
Slovenia, 
Hungary, 
Austria, 
Czech 
Republic, 
Germany, 
Bulgaria 
LC 
Gymnocephalus schraetser Percidae (perches) Yellow pope C Romania, 
Slovania, 
Hungary, 
Austria, 
Czech 
Republic, 
Germany 
Bulgaria 
LC 
Hucho hucho Salmonidae 
(salmons, trouts, 
charrs) 
Huchen C Germany, 
Poland, Spain, 
France 
EN 
Huso huso Acipenseridae 
(Sturgeons) 
Beluga C Currently in 
Romania 
CR 
Iberocypris palaciosi Cyprinidae (carps, 
minnows) 
Bogardilla S Spain CR 
Knipowitschia cameliae Gobiidae (Gobies) Danube delta 
dwarf goby 
C Romania, 
single lagoon 
CR 
Knipowitschia caucasica Gobiidae (Gobies) caucasian 
dwarf goby 
S Greece, 
Bulgaria, 
Romania 
LC 
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Luciobarbus  guiraonis Cyprinidae (carps, 
minnows) 
Valencia 
barbel 
S Spain VU 
Luciobarbus albanicus Cyprinidae (carps, 
minnows) 
Strossidi S Greece LC 
Luciobarbus comizo Cyprinidae (carps, 
minnows) 
Comizo barbel S Spain, 
Portugal 
VU 
Luciobarbus graellsii Cyprinidae (carps, 
minnows) 
Ebro barbel S Spain, Italy LC 
Luciobarbus microcephalus Cyprinidae (carps, 
minnows) 
Small-head 
barbel 
S Spain VU 
Luciobarbus steindachneri Cyprinidae (carps, 
minnows) 
Guadiana 
barbel 
S Spain, 
Portugal 
VU 
Neogobius fluviatilis Gobiidae (Gobies) pontian 
monkey goby 
C,S Romania, 
Hungary, 
Poland, 
Bulgaria 
LC 
Neogobius kessleri Gobiidae (Gobies) pontian 
bighead goby 
C, S Germany, 
Austria, 
Hungary, 
Romania, 
Bulgaria 
LC 
Neogobius melanostomus Gobiidae (Gobies) Round goby C,S, 
N 
Estonia, 
Latvia, 
Lithuania, 
Poland, 
Germany, 
Netherlands, 
Austria, 
Hungary, 
Romania,  
Bulgaria 
LC 
Oxynoemacheilus bureschi Nemachaelidae 
(stone loaches) 
Struma stone 
loach 
S Greece, 
Bulgaria 
LC 
Parachondrostoma miegii Cyprinidae (carps, 
minnows) 
Ebro nase S Spain LC 
Pelasgus epiroticus Cyprinidae (carps, 
minnows) 
Tsima S Greece CR 
Pelasgus prespensis Cyprinidae (carps, 
minnows) 
Prespa 
minnow 
S Greece EN 
Pelecus cultratus Cyprinidae (carps, 
minnows) 
Razor fish N,C,S Northern 
Europe & 
Poland, 
Austria, 
Romania, 
Hungary 
LC 
Petroleuciscus borysthenicus Cyprinidae (carps, 
minnows) 
Bobyretz chub S,C Romania, 
Bulgaria, 
Greece 
LC 
Pomatoschistus canestrinii Gobiidae (Gobies) Black-spot 
goby 
S Italy LC 
Protochondrostoma genei Cyprinidae (carps, 
minnows) 
Lasca C,S Slovenia, Italy LC 
Pseudochondrostoma duriense  Cyprinidae (carps, 
minnows) 
Douro nase S Portugal, 
Spain 
LC 
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Pseudochondrostoma polylepis Cyprinidae (carps, 
minnows) 
Tagus nase S Portugal, 
Spain 
LC 
Pseudochondrostoma 
willkommii 
Cyprinidae (carps, 
minnows) 
Guadiana nase S Portugal, 
Spain 
VU 
Rhynchocypris percnurus Cyprinidae (carps, 
minnows) 
Swamp 
minnow 
C Poland, 
Germany, 
Czech 
Republic 
maybe 
LC 
Romanogobio belingi Cyprinidae (carps, 
minnows) 
Northern 
whitefin 
gudgeon 
C Poland, Czech 
Republic, 
Germany, 
Belgium, 
Netherlands 
LC 
Romanogobio elimeius Cyprinidae (carps, 
minnows) 
Greek stone 
gudgeon 
S Greece  LC 
Romanogobio kesslerii Cyprinidae (carps, 
minnows) 
Sand gudgeon C, S Slovenia, 
Austria, 
Czech 
Republic, 
Slovakia, 
Hungary, 
Romania, 
Poland, 
Bulgaria  
LC 
Romanogobio uranoscopus Cyprinidae (carps, 
minnows) 
Stone gudgeon C, S Germany, 
Czech 
Republic, 
Hungary, 
Austria, 
Romania, 
Slovenia, 
Slovakia, 
Poland, 
Bulgaria 
LC 
Romanogobio vladycovi Cyprinidae (carps, 
minnows) 
Danube 
whitefin 
gudgeon 
S,C Romania, 
Hungary, 
Slovakia, 
Slovenia, 
Austria,   
Czech 
Republic, 
Germany, 
Poland, 
Bulgaria 
LC 
Rutilus frisii Cyprinidae (carps, 
minnows) 
Vyrezub S Bulgaria LC 
Rutilus heckelii Cyprinidae (carps, 
minnows) 
Taran C Romania LC 
Rutilus meidingeri Cyprinidae (carps, 
minnows) 
Perlfisch C Austria, 
Germany 
EN 
Rutilus panosi Cyprinidae (carps, 
minnows) 
Acheloos 
roach 
S Greece VU 
Rutilus pigus Cyprinidae (carps, 
minnows) 
Pigo S Italy LC 
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Rutilus prespensis Cyprinidae (carps, 
minnows) 
Prespa roach S Greece VU 
Rutilus sp. Sperchios Cyprinidae (carps, 
minnows) 
Sperchios 
roach 
S Greece DD possibly 
CR 
Rutilus virgo Cyprinidae (carps, 
minnows) 
Cactus roach C Germany, 
Austria, 
Slovenia, 
Czech 
Republic, 
Slovakia, 
Hungary, 
Romania 
LC 
Rutilus ylikiensis  Cyprinidae (carps, 
minnows) 
Yliki roach S Greece EN 
Sabanejewia bulgarica Cobitidae  (spined 
loaches) 
 Bulgarian 
golden loach 
C Romania, 
Hungary, 
Slovakia 
LC 
Salaria economidisi Blenniidae 
(Blennies) 
Trichonis 
blenny 
S Greece CR 
Salmo carpio Salmonidae 
(salmons, trouts, 
charrs) 
Carpione S Italy CR 
Salmo dentex Salmonidae 
(salmons, trouts, 
charrs) 
Zubatak S Greece DD 
Salmo farioides Salmonidae 
(salmons, trouts, 
charrs) 
Salmo 
farioides 
S Greece NT 
Salmo ferox Salmonidae 
(salmons, trouts, 
charrs) 
Ferox trout C Great Britain DD 
Salmo fibreni Salmonidae 
(salmons, trouts, 
charrs) 
Fibreno trout S Italy VU 
Salmo nigripinnis Salmonidae 
(salmons, trouts, 
charrs) 
Sonaghen C Ireland VU 
Salmo stomachicus Salmonidae 
(salmons, trouts, 
charrs) 
Gillaroo C Ireland  VU 
Salvelinus colii Salmonidae 
(salmons, trouts, 
charrs) 
Cole's charr C Ireland NT 
Salvelinus evasus Salmonidae 
(salmons, trouts, 
charrs) 
Ammersee 
saibling 
C Germany VU 
Salvelinus faroensis Salmonidae 
(salmons, trouts, 
charrs) 
Faroe charr N Denmark 
Faroe Islands 
VU 
Salvelinus fimbriatus Salmonidae 
(salmons, trouts, 
charrs) 
Coomasaharn 
charr 
C Eire VU 
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Salvelinus gracillimus Salmonidae 
(salmons, trouts, 
charrs) 
Shetland charr C Shetland 
islands & 
scotland 
VU 
Salvelinus grayi Salmonidae 
(salmons, trouts, 
charrs) 
Melvin charr C Ireland  CR 
Salvelinus inframundus Salmonidae 
(salmons, trouts, 
charrs) 
Orkney charr C Scotland & 
Orkney 
Islands 
DD 
Salvelinus killinensis Salmonidae 
(salmons, trouts, 
charrs) 
Haddy C Scotland VU 
Salvelinus lepechini Salmonidae 
(salmons, trouts, 
charrs) 
Palia N Finland, 
Sweden 
LC 
Salvelinus lonsdalii Salmonidae 
(salmons, trouts, 
charrs) 
Haweswater 
charr 
C England CR 
Salvelinus mallochi Salmonidae 
(salmons, trouts, 
charrs) 
Malloch's 
charr 
C Scotland VU 
Salvelinus maxillaris Salmonidae 
(salmons, trouts, 
charrs) 
Large-
mouthed charr 
C Scotland VU 
Salvelinus obtusus Salmonidae 
(salmons, trouts, 
charrs) 
Blunt-snouted 
charr 
C Eire VU 
Salvelinus perisii Salmonidae 
(salmons, trouts, 
charrs) 
Torgoch C Wales VU 
Salvelinus sp. Loch Awe spring 
spawner 
Salmonidae 
(salmons, trouts, 
charrs) 
Spring Awe 
charr 
C Scotland DD 
Salvelinus sp. Loch Maree 
large eye 
Salmonidae 
(salmons, trouts, 
charrs) 
Big-eyed 
Maree charr 
C Scotland DD 
Salvelinus sp. Loch Maree 
slender 
Salmonidae 
(salmons, trouts, 
charrs) 
Slender Maree 
charr 
C Scotland DD 
Salvelinus sp. Rannoch 
benthivorous 
Salmonidae 
(salmons, trouts, 
charrs) 
Ranoch 
benthivorous 
charr 
C Scotland VU 
Salvelinus sp. Rannoch 
piscivorous 
Salmonidae 
(salmons, trouts, 
charrs) 
Rannoch 
piscivorous 
charr 
C Scotland VU 
Salvelinus sp. Windermere 
spring spawner 
Salmonidae 
(salmons, trouts, 
charrs) 
Spring 
Windermere 
charr 
C England EN 
Salvelinus struanensis Salmonidae 
(salmons, trouts, 
charrs) 
Rannoch 
planktivorous 
charr 
C Scotland VU 
 202 
 
Species1 Family1 Common 
names1 
Zone2 Distribution 
in EU1 
Conservation 
status1 
Salvelinus umbla Salmonidae 
(salmons, trouts, 
charrs) 
Alpine charr C Germany, 
Austria, 
France, Italy 
LC 
Salvelinus willoughbii Salmonidae 
(salmons, trouts, 
charrs) 
Autumn 
Windermere 
charr 
C England EN 
Salvelinus youngeri Salmonidae 
(salmons, trouts, 
charrs) 
Golden charr C Scotland VU 
Sander volgensis Percidae (perches) Volga 
pikeperch 
C,S Slovakia, 
Hungary, 
Romania, 
Austria, 
Bulgaria 
LC 
Scardinius acarnanicus Cyprinidae (carps, 
minnows) 
Trichonis rudd S Greece NT 
Scardinius graecus Cyprinidae (carps, 
minnows) 
Yliki rudd S Greece CR 
Scardinius racovitzai Cyprinidae (carps, 
minnows) 
Petzea rudd C Romania CR 
Scardinius scardafa Cyprinidae (carps, 
minnows) 
Tiber rudd S Italy CR 
Silurus aristotelis Siluridae 
(Catfishes) 
Acheloos 
catfish 
S Greece DD 
Squalius albus Cyprinidae (carps, 
minnows) 
Trasimeno 
chub 
S Italy EN 
Squalius prespensis Cyprinidae (carps, 
minnows) 
Prespa chub S Greece VU 
Sygnathus abaster Syngnathidae 
(pipefishes) 
Shore pipefish C,S Central and 
Southern 
shores 
LC 
Valencia hispanica Valenciidae Samaruc, 
Spanish 
Valencia 
S Spain, France CR 
Valencia letourneuxi Valenciidae Zournas, 
Greek 
Valencia 
S Western 
Greece 
CR 
Zingel streber Percidae (perches) Streber C,S Germany, 
Austria, 
Czech 
Republic, 
Slovakia, 
Slovenia, 
Romania, 
Hungary, 
Bulgaria 
LC 
Zingel zingel Percidae (perches) Zingel C,S Germany, 
Austria, 
Czech 
Republic, 
Slovakia, 
Slovenia, 
Romania, 
Hungary; S: 
Bulgaria 
LC 
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Do not live in streams, ditches or ponds 
Abramis brama Cyprinidae (carps, 
minnows) 
Bream N,C,S Whole EU 
except Cyprus 
& Malta 
LC 
Alburnus alburnus  Cyprinidae (carps, 
minnows) 
Bleak N,C,S Whole EU 
except Cyprus 
& Malta 
LC 
Aspius aspius Cyprinidae (carps, 
minnows) 
Asp. N,C,S Whole EU 
except Spain, 
Portugal, 
Cyprus & 
Malta 
LC 
Atherina boyeri Atherinidae 
(Silversides) 
Sand smelt C,S Central zone 
& Southern 
shores 
LC 
Ballerus ballerus Cyprinidae (carps, 
minnows) 
blue bream N,C,S Bulgaria, 
Northern 
zone, Central 
zone except 
UK & Ireland 
LC 
Ballerus sapa Cyprinidae (carps, 
minnows) 
Zobel C,S Bulgaria, 
France, 
Central zone 
except UK & 
Ireland 
LC 
Barbus barbus Cyprinidae (carps, 
minnows) 
Barbel N,C,S Lithuania, 
France, Italy, 
Central zone 
except Ireland 
LC 
Blicca Bjoerkna Cyprinidae (carps, 
minnows) 
silver bream N,C,S Italy, Spain, 
France, 
Bulgaria, 
Northern & 
Central zones 
LC 
Chelon labrosus Mugilidae 
(mullets) 
thicklip mullet N,C,S EU coasts LC 
Chondrostoma nasus Cyprinidae (carps, 
minnows) 
Nase N,C,S Lithuania, 
France, Italy,  
Bulgaria, 
central zone 
except Ireland  
LC 
Coregonus albula Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Baltic cisco N,C Germany, 
Poland, 
northern zone 
LC 
Coregonus maraena Coregonidae 
(whitefishes, 
vendaces, ciscoes) 
Maraene N,C Poland, 
Germany, 
Netherlands, 
Belgium, 
northern zone 
VU 
Cyprinus carpio Cyprinidae (carps, 
minnows) 
Carp N,C,S EU except 
Cyprus and 
Malta 
VU 
Dicentrarchus labrax Moronidae 
(basses) 
sea bass N,C,S EU shores LC 
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Gymnocephalus cernua Percidae (perches) Ruffe N,C,S France, Italy, 
northern and 
central zones 
except Ireland  
LC 
Lampetra fluviatilis Petromyzonidae 
(Lampreys) 
European river 
lamprey 
N, 
C,S 
Northern 
zone, most of 
Central zone, 
very small 
range in 
Southern zone 
LC 
Leuciscus idus Cyprinidae (carps, 
minnows) 
Ide N,C,S Bulgaria, 
France, Italy, 
Northern & 
Central zones 
except Ireland  
LC 
Liza aurata Mugilidae 
(mullets) 
Golden mullet N,C,S EU shores LC 
Liza ramada Mugilidae 
(mullets) 
thinlip mullet N,C,S EU shores LC 
Liza saliens Mugilidae 
(mullets) 
sharpnose 
mullet 
C,S Central & 
Southern 
shores 
LC 
Mugil cephalus Mugilidae 
(mullets) 
Striped mullet C,S Central & 
Southern 
shores 
LC 
Osmerus eperlanus Osmeridae Smelt N,C,S Northern 
zone,  UK, 
Germany, 
Netherlands, 
Begium, 
Poland, 
France 
LC 
Platichthys flesus Pluronectidae flounder N,C,S EU shores LC 
Pleuronectes platessa Pluronectidae Plaice N,C,S EU shores LC 
Pomatoschistus microps Gobiidae (Gobies) Common goby N,C,S EU shores LC 
Salmo salar Salmonidae 
(salmons, trouts, 
charrs) 
Atlantic 
salmon 
N,C,S France, Spain, 
Portugal, 
Northern 
zone, Central 
zone except 
Romania, 
Hungary, 
Slovenia  
VU 
Sander lucioperca Percidae (perches) Pikeperch N,C,S EU except 
Cyprus, 
Malta, 
Portugal 
LC 
Silurus glanis Siluridae 
(Catfishes) 
European 
catfish 
N,C,S EU except 
Portugal, 
Cyprus & 
Malta 
LC 
Thymallus thymallus Thymallidae European 
Grayling 
N,C,S EU except 
France, 
Bulgaria, Italy 
LC 
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Triglopsis quadricornis Cottidae 
(sculpins, 
bullheads) 
Four horned 
sculpin 
N Northern zone LC 
Vimba vimba Cyprinidae (carps, 
minnows) 
Vimba N, C, 
S 
Bulgaria, 
Northern 
zone, Central 
zone except  
Belgium,  UK 
& Ireland, 
LC 
Of restricted geographical range in the EU 
Achondrostoma arcasii Cyprinidae (carps, 
minnows) 
Bermejuela S Spain, 
Portugal 
VU 
Alburnus albidus Cyprinidae (carps, 
minnows) 
Vulturino S Italy VU 
Alburnus arborella Cyprinidae (carps, 
minnows) 
Alborella C, S Slovenia, Italy LC 
Anaecypris hispanica Cyprinidae (carps, 
minnows) 
Jarabugo 
(Spain), 
Saramugo 
(Portugal) 
S Spain, 
Portugal 
EN 
Barbatula quignardi Nemachaelidae 
(stone loaches) 
Languedoc 
stone loach 
S France, Spain LC 
Barbus balcanicus Cyprinidae (carps, 
minnows) 
Large spot 
barbel 
S,C Bulgaria, 
Greece, Italy, 
Romania, 
Hungary, 
Slovakia, 
Slovenia 
LC 
Barbus bergi Cyprinidae (carps, 
minnows) 
Bulgarian 
barbel 
S Bulgaria LC 
Barbus caninus Cyprinidae (carps, 
minnows) 
Insubrian 
barbel 
S Italy EN 
Barbus carpathicus Cyprinidae (carps, 
minnows) 
Carpathian 
barbel 
C Poland, 
Slovakia, 
Hungary, 
Romania  
LC 
Barbus cyclolepis Cyprinidae (carps, 
minnows) 
Maritza barbel S Greece, 
Bulgaria 
LC 
Barbus euboicus Cyprinidae (carps, 
minnows) 
Evia barbel S Greece CR 
Barbus haasi Cyprinidae (carps, 
minnows) 
Catalonian 
barbel 
S Spain VU 
Barbus peloponnesius Cyprinidae (carps, 
minnows) 
Peloponnese 
barbel 
S western 
Greece 
LC 
Barbus pergamonensis Cyprinidae (carps, 
minnows) 
Bergama 
barbel 
S Greece LC 
Barbus petenyi Cyprinidae (carps, 
minnows) 
Romanian 
barbel 
C,S Romania, 
Bulgaria 
LC 
Barbus rebeli Cyprinidae (carps, 
minnows) 
Western 
Balkan barbel 
S Greece LC 
Barbus sperchiensis Cyprinidae (carps, 
minnows) 
Sperchios 
barbel 
S Greece NT 
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Barbus strumicae Cyprinidae (carps, 
minnows) 
Strumica 
barbel 
S Greece, 
Bulgaria 
LC 
Chondrostoma vardarense Cyprinidae (carps, 
minnows) 
Vardar nase S Greece, 
Bulgaria 
NT 
Cobitis arachthosensis Cobitidae  (spined 
loaches) 
Arachthos 
spined loach 
S Greece EN 
Cobitis bilineata Cobitidae  (spined 
loaches) 
Italain spined 
loach 
C,S Slovenia, 
Italy, France, 
Spain 
LC 
Cobitis calderoni Cobitidae  (spined 
loaches) 
Lamprehuela S Spain, 
Portugal 
EN 
Cobitis elongatoides Cobitidae  (spined 
loaches) 
Danubian 
spined loach 
C Austria, 
Czech 
Republic, 
Poland, 
Slovakia, 
Hungary, 
Romania 
LC 
Cobitis hellenica Cobitidae  (spined 
loaches) 
Louros spined 
loach 
S Greece EN 
Cobitis meridionalis Cobitidae  (spined 
loaches) 
Prespa spined 
loach 
S Greece VU 
Cobitis paludica Cobitidae  (spined 
loaches) 
Colmilleja S Spain, 
Portugal 
VU 
Cobitis pontica Cobitidae  (spined 
loaches) 
Istanca spined 
loach 
S Bulgaria LC 
Cobitis puncticulata Cobitidae  (spined 
loaches) 
Brown spined 
loach 
S Greece CR 
Cobitis punctilineata Cobitidae  (spined 
loaches) 
Aggitis spined 
loach 
S Greece VU 
Cobitis stephanidisi Cobitidae  (spined 
loaches) 
Velestino 
spined loach 
S Greece CR 
Cobitis strumicae Cobitidae  (spined 
loaches) 
Struma spined 
loach 
S Greece, 
Bulgaria  
LC 
Cobitis trichonica Cobitidae  (spined 
loaches) 
Trichonis 
spined loach 
S Greece EN 
Cobitis vardarensis Cobitidae  (spined 
loaches) 
Vardar spined 
loach 
S Greece LC 
Cobitis vettonica Cobitidae  (spined 
loaches) 
Alagon spined 
loach 
S Spain EN 
Cobitis zanandreai Cobitidae  (spined 
loaches) 
Volturno 
spined loach 
S Italy VU 
Cottus aturi Cottidae 
(sculpins, 
bullheads) 
Adour sculpin S France, Spain LC 
Cottus duranii Cottidae 
(sculpins, 
bullheads) 
Dordogne 
Sculpin 
S France DD 
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Cottus haemusi Cottidae 
(sculpins, 
bullheads) 
Vit sculpin S Bulgaria DD 
Cottus hispaniolensis Cottidae 
(sculpins, 
bullheads) 
Pyrrenean 
sculpin 
S France, Spain LC 
Cottus metae Cottidae 
(sculpins, 
bullheads) 
Berge sculpin N Estonia LC 
Cottus microstomus Cottidae 
(sculpins, 
bullheads) 
Baltic sculpin C,N Poland, 
Lithuania 
LC 
Cottus perifretum Cottidae 
(sculpins, 
bullheads) 
Bullhead C,S UK, 
Germany, 
Netherlands, 
Belgium, 
France  
LC 
Cottus poecilopus Cottidae 
(sculpins, 
bullheads) 
Siberian 
sculpin 
N,C Sweden, 
Finland, 
Denmark, 
Poland, 
Germany, 
Czech 
Republic, 
Slovakia, 
Hungary, 
Romania 
LC 
Cottus rhenanus Cottidae 
(sculpins, 
bullheads) 
Rhine sculpin C,S Netherlands, 
Belgium, 
Germany, 
Luxembourg, 
France 
LC 
Cottus rondeleti Cottidae 
(sculpins, 
bullheads) 
Herault 
sculpin 
S France CR 
Cottus transsilvaniae Cottidae 
(sculpins, 
bullheads) 
Arges sculpin C Romania DD 
Cottusn koshewnikowi Cottidae 
(sculpins, 
bullheads) 
Volga sculpin N Estonia, 
Finland, 
Sweden 
LC 
Economidichthys pygmaeus Gobiidae (Gobies) Western 
greece goby 
S Greece LC 
Eudontomyzon danfordi Petromyzonidae 
(Lampreys) 
Carpathian 
lamprey 
C Romania, 
Slovakia, 
Hungary 
LC 
Eudontomyzon hellenicus Petromyzonidae 
(Lampreys) 
Greek brook 
lamprey 
S Greece CR 
Eudontomyzon mariae Petromyzonidae 
(Lampreys) 
Ukranian 
brook lamprey 
C,S Romania, 
Austria, 
Slovakia, 
Hungary, 
Poland, 1 
record in 
LC, frequent 
in Poland 
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Czech, 
Bulgaria 
Eudontomyzon vladykovi Petromyzonidae 
(Lampreys) 
Danubian 
brook lamprey 
C Austria, 
Slovenia, 
Slovakia, 
Hungary 
LC 
Gobio alverniae Cyprinidae (carps, 
minnows) 
Auvergne 
gudgeon 
S France only LC 
Gobio bulgaricus Cyprinidae (carps, 
minnows) 
Aegean 
gudgeon 
S Bulgaria, 
Greece 
LC 
Gobio carpathicus Cyprinidae (carps, 
minnows) 
Carpathian 
gudgeon 
C Poland, 
Slovakia, 
Hungary 
LC 
Gobio kovatschevi Cyprinidae (carps, 
minnows) 
Varna 
gudgeon 
S Bulgaria VU 
Gobio lozanoi Cyprinidae (carps, 
minnows) 
Iberian 
gudgeon 
S Spain, 
Portugal, SW 
France 
LC 
Gobio occitaniae Cyprinidae (carps, 
minnows) 
Languedoc 
gudgeon 
S France LC 
Iberochondrostoma almacai Cyprinidae (carps, 
minnows) 
Mira pardelha S Portugal CR 
Iberochondrostoma lemmingii Cyprinidae (carps, 
minnows) 
Pardilla S Spain, 
Portugal 
VU 
Iberochondrostoma lusitanicum Cyprinidae (carps, 
minnows) 
Portuguese 
pardelha 
S Portugal CR 
Iberochondrostoma oretanum Cyprinidae (carps, 
minnows) 
Oretanian 
pardilla 
S Spain CR 
Iberocypris alburnoides Cyprinidae (carps, 
minnows) 
Calandino 
(Spain) 
Bordalo 
(Portugal) 
S Spain, 
Portugal 
VU 
Knipowitschia goerneri Gobiidae (Gobies) Corfu dwarf 
goby 
S Greece DD 
Knipowitschia milleri Gobiidae (Gobies) Acheron 
spring goby 
S Greece CR 
Knipowitschia panizzae Gobiidae (Gobies) Adriatic dwarf 
goby 
S Italy LC 
Knipowitschia punctatissima Gobiidae (Gobies) Italian dwarf 
goby 
S Italy NT 
Knipowitschia thessala Gobiidae (Gobies) Thessaly goby S Greece EN 
Ladigesocypris ghigii Cyprinidae (carps, 
minnows) 
Gizani S Greece, 
Rhodos Island 
VU 
Lampetra zanandreai Petromyzonidae 
(Lampreys) 
Adriatic brook 
lamprey 
S, C Italy, Slovenia LC 
Leuciscus bearnensis Cyprinidae (carps, 
minnows) 
Bearn beaked 
dace 
S France LC 
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Leuciscus burdigalensis  Cyprinidae (carps, 
minnows) 
Beaked dace S France LC 
Leuciscus oxyrrhis Cyprinidae (carps, 
minnows) 
long-snout 
dace 
S France LC 
Luciobarbus bocagei Cyprinidae (carps, 
minnows) 
Iberian barbel S Spain, 
Portugal 
LC 
Luciobarbus graecus Cyprinidae (carps, 
minnows) 
Skarouni S Greece EN 
Luciobarbus sclateri Cyprinidae (carps, 
minnows) 
Andalusian 
barbel 
S Southern 
Spain and 
Portugal 
LC 
Neogobius gymnotrachelus Gobiidae (Gobies) Racer goby C,S Austria, 
Poland, 
Hungary, 
Romania, 
Germany, 
Bulgaria 
LC 
Oxynoemacheilus pindus Nemachaelidae 
(stone loaches) 
Pindus stone 
loach 
S Greece VU 
Oxynoemacheilus theophilii Nemachaelidae 
(stone loaches) 
Lesbos stone 
loach 
S Greece LC 
Pachychilon macedonicum Cyprinidae (carps, 
minnows) 
Mavrotsironi S Greece DD 
Pachychilon pictum Cyprinidae (carps, 
minnows) 
Moranec S Italy, France LC 
Padogobius bonelli Gobiidae (Gobies) Padanian goby S Italy LC 
Parachondrostoma arrigonis Cyprinidae (carps, 
minnows) 
Loina S Spain CR 
Parachondrostoma toxostoma Cyprinidae (carps, 
minnows) 
Taxostome S France VU 
Parachondrostoma turiense Cyprinidae (carps, 
minnows) 
Madrija S Spain EN 
Pelasgus laconicus Cyprinidae (carps, 
minnows) 
Evrotas 
minnow 
S Greece CR 
Pelasgus marathonicus Cyprinidae (carps, 
minnows) 
Marathon 
minnow 
S Greece NT 
Pelasgus stymphalicus Cyprinidae (carps, 
minnows) 
Stymphalia 
minnow 
S Greece  LC 
Pelasgus thesproticus Cyprinidae (carps, 
minnows) 
Epiros 
minnow 
S Greece NT 
Petromyzon marinus Petromyzonidae 
(Lampreys) 
Atlantic sea 
lamprey 
N, 
C,S 
all around 
coasts, little 
inland 
LC 
Phoxinus bigerri Cyprinidae (carps, 
minnows) 
Adour minnow S France, Spain LC 
Phoxinus lumaireul Cyprinidae (carps, 
minnows) 
Italian minnow S, C Italy, Slovenia LC 
Phoxinus septimaniae Cyprinidae (carps, 
minnows) 
Languedoc 
minnow 
S France LC 
Phoxinus strandjae Cyprinidae (carps, 
minnows) 
Strandzha 
minnow 
S Bulgaria  EN 
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Phoxinus strymonicus Cyprinidae (carps, 
minnows) 
Aegean 
minnow 
S Greece, 
Bulgaria 
probably 
EN 
Podogobius nigricans Gobiidae (Gobies) Etrurian goby S Italy VU 
Proterorhinus semilunaris Gobiidae (Gobies) Western 
tubenose goby 
C,S Romania, 
Hungary, 
Slovakia, 
Austria, 
Czech 
Republic, 
Germany, 
Belgium, 
Netherlands, 
Bulgaria, 
France 
LC 
Pungitius hellenicus Gasterosteidae 
(Sticklebacks) 
Greek 
stickleback 
S Greece CR 
Pungitius laevis Gasterosteidae 
(Sticklebacks) 
Western 
ninespine 
stickleback 
C Germany, 
Belgium, 
Netherlands, 
Luxembourg, 
UK, Ireland, 
France 
LC 
Pungitius platygaster Gasterosteidae 
(Sticklebacks) 
Ukranian 
stickleback 
C,S Romania, 
Bulgaria, 
Greece 
LC 
Rhodeus meridionalis Cyprinidae (carps, 
minnows) 
Vardar 
bitterling 
S Greece LC 
Romanichthys valsanicola Percidae (perches) Asprete C Romania CR 
Romanogobio benacensis Cyprinidae (carps, 
minnows) 
Italian 
gudgeon 
S, C Italy, Slovenia EN 
Rutilus aula Cyprinidae (carps, 
minnows) 
Triotto S,C Itlay, Slovenia LC 
Rutilus rubilio Cyprinidae (carps, 
minnows) 
Rovella S Italy NT 
Sabanejewia balcanica Cobitidae  (spined 
loaches) 
Balkan golden 
loach 
C, S Austria, 
Slovakia, 
Romania, 
Hungary, 
Slovenia, 
Bulgaria 
LC 
Sabanejewia baltica Cobitidae  (spined 
loaches) 
Northern 
golden loach 
C Poland  LC 
Sabanejewia larvata Cobitidae  (spined 
loaches) 
Italian golden 
loach 
S Italy LC 
Sabanejewia romanica Cobitidae  (spined 
loaches) 
Romanian 
golden loach 
C Romania NT 
Sabanejewia vallachica Cobitidae  (spined 
loaches) 
Eastern 
Carpathian 
golden loach 
C Romania NT 
Salmo cenerinus Salmonidae 
(salmons, trouts, 
charrs) 
Northern 
Italian brook 
trout 
S,C Italy, Slovenia DD 
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Salmo cettii Salmonidae 
(salmons, trouts, 
charrs) 
Mediterranean 
trout 
S Italy NT 
Salmo labrax Salmonidae 
(salmons, trouts, 
charrs) 
Black Sea 
trout 
C, S Romania, 
Hungary, 
Slovakia, 
Czech 
Republic, 
Austria, 
Bulgaria 
LC 
Salmo marmoratus Salmonidae 
(salmons, trouts, 
charrs) 
Marble trout C,S Slovenia, Italy LC 
Salmo pelagonicus Salmonidae 
(salmons, trouts, 
charrs) 
Pelagos trout S Greece VU 
Salmo peristericus Salmonidae 
(salmons, trouts, 
charrs) 
Prespa trout S Greece EN 
Salmo rhodanensis Salmonidae 
(salmons, trouts, 
charrs) 
Rhone trout S Italy, France DD 
Salmo sp. Louros Salmonidae 
(salmons, trouts, 
charrs) 
Louros trout S Greece EN 
Scardinius hesperidicus Cyprinidae (carps, 
minnows) 
Italian rudd C,S Slovenia, Italy LC 
Squalius aradensis Cyprinidae (carps, 
minnows) 
Arade chub S Portugal VU 
Squalius carolitertii Cyprinidae (carps, 
minnows) 
Bordallo S Spain, 
Portugal 
LC 
Squalius cf. cii Cyprinidae (carps, 
minnows) 
Lesbos chub S Greece LC 
Squalius keadicus Cyprinidae (carps, 
minnows) 
Evrotas chub S Greece EN 
Squalius laietanus Cyprinidae (carps, 
minnows) 
Catalan chub S Spain, France LC 
Squalius lucumonis Cyprinidae (carps, 
minnows) 
Toscana 
stream chub 
S Italy EN 
Squalius malacitanus Cyprinidae (carps, 
minnows) 
Malaga chub S Spain EN 
Squalius moreoticus Cyprinidae (carps, 
minnows) 
Stymphalia 
chub 
S Greece EN 
Squalius orpheus Cyprinidae (carps, 
minnows) 
Maritza chub S Greece, 
Bulgaria 
LC 
Squalius pamvoticus Cyprinidae (carps, 
minnows) 
Pamvotis chub S Greece LC 
Squalius peloponensis  Cyprinidae (carps, 
minnows) 
Peloponnese 
chub 
S Greece LC 
Squalius pyrenaicus Cyprinidae (carps, 
minnows) 
Cacho S Spain, 
Portugal 
NT 
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Species1 Family1 Common 
names1 
Zone2 Distribution 
in EU1 
Conservation 
status1 
Squalius sp. Aoos Cyprinidae (carps, 
minnows) 
Aoos chub S Greece NT 
Squalius sp. Evia Cyprinidae (carps, 
minnows) 
Evia chub S Greece CR 
Squalius sp. evinos Cyprinidae (carps, 
minnows) 
Acheloos chub S Greece LC 
Squalius squalus Cyprinidae (carps, 
minnows) 
Cavedano 
chub 
S Italy LC 
Squalius torgalensis Cyprinidae (carps, 
minnows) 
Torgal chub S Portugal EN 
Squalius valentinus Cyprinidae (carps, 
minnows) 
Valencia chub S Spain VU 
Squalius vardarensis Cyprinidae (carps, 
minnows) 
Vardar chub S Greece LC 
Telestes beoticus Cyprinidae (carps, 
minnows) 
Beotian riffle 
dance 
S Greece EN 
Telestes muticellus Cyprinidae (carps, 
minnows) 
Italian riffle 
dace 
S Italy LC 
Telestes pleurobipunctatus Cyprinidae (carps, 
minnows) 
Epiros riffle 
dace 
S western 
Greece 
LC 
Telestes souffia Cyprinidae (carps, 
minnows) 
Riffle dace C,S Germany, 
Austria, 
Romania, 
Slovenia, 
France, Italy 
LC 
Tropidophoxinellus hellenicus Cyprinidae (carps, 
minnows) 
Gournara S Greece LC 
Tropidophoxinellus spartiaticus Cyprinidae (carps, 
minnows) 
Bafa S Greece VU 
Umbra krameri Umbridae 
(mudminnows) 
European 
mudminnow 
C, S Austria, 
Slovakia, 
Hungary, 
Romania, 
Bulgaria 
VU 
Vimba melanops Cyprinidae (carps, 
minnows) 
Dark vimba S Greece, 
Bulgaria 
DD 
Zingel asper Percidae (perches) Vretenar S France DD 
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Table A.I.2. Details on the geographic range for the 27 fish species which are considered 
as highly susceptible to pesticide exposure in the EU. Absent (0), Present but not 
widespread (x), Widespread (1) 
     Regulatory 
Zone2 
Scientific name1 Family1 Common 
names1 
Country 
list1  
Complimentary 
country list3  
N C S 
Anguilla anguilla Anguillidae 
(Eels) 
European eel all zones and 
all members 
agrees with 
main country 
list 
1 1 1 
Salaria fluviatilis Blenniidae 
(Blennies) 
Freshwater 
blenny 
S:all C: native to 
Slovenia 
0 x 1 
Cobitis taenia Cobitidae  
(spined 
loaches) 
Northern 
spined loach 
N: all but 
only south in  
Sweden & 
Finland; C: 
all except 
Romania & 
Hungary& 
Ireland, in 
UK only 
southeast; S: 
France only 
C: native to 
Romania & 
Hungary and S: 
Spain, Italy, 
Bulgaria 
1 1 x 
Misgurnus 
fossilis 
Cobitidae 
(spined 
loaches) 
Weather loach N: absent 
from 
Finland, 
Sweden & 
Denmark; C: 
absent from 
Great Britain 
S: France 
and Bulgaria 
introduced to 
Denmark, UK, 
Italy, Spain  
x 1 x 
Cottus gobio Cottidae 
(sculpins, 
bullheads) 
Cottus gobio N: Sweden, 
Denmark, 
Finland, 
Estonia; C: 
all except 
Netherlands, 
UK, Ireland, 
S: France, 
Italy, 
Bulgaria 
N: Latvia, 
Lithuania, 
extirpated in 
Denmark; C: 
native to 
Netherlands, 
UK, Ireland; S: 
Spain 
1 1 x 
Alburnoides 
bipunctatus 
Cyprinidae 
(carps, 
minnows) 
Spirlin N: Estonia, 
Latvia, 
Lithuania; C: 
all except 
Belgium, 
UK,Ireland; 
S: all except 
Cyprus, 
Malta, Spain, 
Portugal 
native to 
Belgium 
x 1 x 
Barbus 
meridionalis 
Cyprinidae 
(carps, 
minnows) 
Mediterranean 
barbel 
S: Spain, 
France 
N:Lithuania, C: 
Austria, Czech 
Republic, 
Hungary, 
Slovakia, 
x x 1 
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     Regulatory 
Zone2 
Scientific name1 Family1 Common 
names1 
Country 
list1  
Complimentary 
country list3  
N C S 
Slovenia, S: 
Greece, Italy, 
Bulgaria 
Carassius 
carassius  
Cyprinidae 
(carps, 
minnows) 
Crucian carp N: all 
members, C: 
all except 
Ireland 
Scotland, S: 
France, Italy, 
Bulgaria, 
Greece  
native to Malta 
and Spain, 
introduced to 
Cyprus 
1 1 1 
Carassius gibelio Cyprinidae 
(carps, 
minnows) 
Prussian carp N: absent 
from  
Finland & 
Sweden, C: 
absent form 
Ireland & 
Scotland, S: 
absent from 
Cyprus, 
Malta, 
introduced 
and invasive 
in Crete 
agrees with 
main country 
list 
x 1 1 
Gobio gobio Cyprinidae 
(carps, 
minnows) 
Gudgeon all N, all C 
except 
Hungary & 
Romania, S: 
France, Italy 
native to 
Hungary & 
Romania too, 
native to 
Greece & 
introduced to 
Portugal & 
Spain 
1 1 1 
Leucaspius 
delineatus 
Cyprinidae 
(carps, 
minnows) 
Sun bleak N: 
southernmost 
Sweden, 
Denmark; C: 
all except 
Ireland and 
UK only in 
South, S: 
Bulgaria, 
France 
N: native to 
Latvia, 
Lithuania, 
Estonia, 
introduced to 
Finland 
1 1 x 
Leuciscus 
leuciscus 
Cyprinidae 
(carps, 
minnows) 
Dace N: all, C: all, 
S: Bulgaria, 
France 
agrees with 
main country 
list 
1 1 x 
Phoxinus 
phoxinus 
Cyprinidae 
(carps, 
minnows) 
Minnow N: all, C: all, 
S: France, 
Bulgaria 
native to Italy, 
Greece, & 
Spain 
1 1 1 
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     Regulatory 
Zone2 
Scientific name1 Family1 Common 
names1 
Country 
list1  
Complimentary 
country list3  
N C S 
Rhodeus amarus Cyprinidae 
(carps, 
minnows) 
Bitterling N: Estonia, 
Latvia, 
Lithuania; C: 
all & 
introduced to  
UK; S: 
France, 
Greece, 
Bulgaria, & 
introduced to 
Italy 
agrees with 
main country 
list 
x 1 x 
Rutilus rutilus Cyprinidae 
(carps, 
minnows) 
Roach N:all, C: all, 
S: all except 
Malta, 
Cyprus & 
Portugal 
 Introduced to 
Cyprus & 
Portugal 
1 1 1 
Scardinius 
erythrophthalmus 
Cyprinidae 
(carps, 
minnows) 
Rudd N: all, C: all, 
S: introduced 
to Spain & 
Italy, absent 
from Cyprus, 
Malta & 
Portugal. 
Found in 
France & 
Bulgaria 
agrees with 
main country 
list 
1 1 1 
Squalius 
cephalus 
Cyprinidae 
(carps, 
minnows) 
Chub N: all, C: All 
except 
Ireland, S: 
France & 
Bulgaria, 
Italy 
Native to 
Greece & 
Spain, 
introduced to 
Italy 
1 1 1 
Tinca tinca Cyprinidae 
(carps, 
minnows) 
Tench N: all, C: all, 
S: all except 
Cyprus & 
Malta 
agrees with 
main country 
list 
1 1 1 
Esox lucius Esocidae 
(pikes) 
Pike N: all, C: all, 
S: all except 
Cyprus, & 
Malta 
agrees with 
main country 
list 
1 1 1 
Pungitius 
pungitius 
Gasterosteidae 
(Sticklebacks) 
Eurasian 
ninespine 
stickleback 
N:all; C: 
Germany, 
Poland, 
Netherlands 
native to C: 
UK, Belgium, 
Ireland; S: 
France 
1 x x 
Gasterosteus 
gymnurus / 
aculeatus 
Gasterosteidae 
(Sticklebacks) 
Western / 
European 
threespine 
stickleback 
inland in  all 
C (UK only 
south-west); 
N: South-
west 
Sweden, 
Denmark; S: 
Italy, France, 
Coastal all 
around 
agrees with 
main country 
list 
x 1 x 
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     Regulatory 
Zone2 
Scientific name1 Family1 Common 
names1 
Country 
list1  
Complimentary 
country list3  
N C S 
N,C,S 
Lota lota Lotidae Burbot N:all, C: all 
but 
extirpated in 
UK, S: all 
except Spain, 
Portugal, 
Cyprus, 
Malta 
agrees with 
main country 
list 
1 1 x 
Barbatula 
barbatula 
Nemachaelidae 
(stone loaches) 
Stone loach N: all, C: 
All, S: 
France, 
Bulgaria, 
Greece 
native to Spain 
& Italy 
1 1 1 
Perca fluviatilis Percidae 
(perches) 
Perch N:all, C: all , 
S: all except 
Portugal, 
Cyprus, 
Malta 
introduced to 
Portugal, 
Cyprus 
1 1 1 
Lampetra planeri Petromyzonidae 
(Lampreys) 
European 
brook 
lamprey 
whole N & C 
except 
Slovenia, S: 
Portugal, 
Spain, 
France, Italy 
agrees with 
main country 
list 
1 1 x 
Salmo trutta 
stream-resident 
Salmonidae 
(salmons, 
trouts, charrs) 
Atlantic trout all except 
Cyprus & 
Malta 
introduced to 
Cyprus  
1 1 1 
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Table A.I.3. Freshwater habitat description for the 27 fish species which are considered as 
highly susceptible to pesticide exposure in the EU. Absent (0), Present (1) 
 Habitat description  Freshwater Habitat 
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Species         
A. anguilla Migrating6; all types of benthic habitats from small 
streams to shores of large rivers & lakes1; naturally it 
only occurs in water bodies that are connected to the 
sea; it is stocked elsewhere1 
1 1 0 1 1 0 0 
S.  fluviatilis Lakes, streams and coastal lagoons sometimes1; 
rivers and brooks, with relatively shallow water as 
well as in low altitude lakes, with stone bottom, in 
streams, deepest and fastest microhabitats are 
preferred and sometimes coastal lagoons with low 
salinity3; restricted to coastal areas and estuaries in 
med region5 
1 0 0 1 1 0 0 
C. taenia From small lowland streams to large rivers, in 
channels, ditches, backwaters & lakes on sand 
bottom1; ditches4, clear streams, lakes, sandy soil6 
1 1 0 1 1 1 1 
M. fossilis Backwaters and side channels of lowland streams, 
rivers, and lakes1; found in lower reaches of slow-
flowing rivers, but can also be found in still pools, on 
sandy bottoms of ponds, pools and ditches3, ditches4, 
shallow stagnant or slowly flowing waters with mud, 
typical for pond6 
0 1 1 0 1 1 1 
C. gobio Cold, clear and fast-flowing water of small stream to 
medium-sized rivers. As well on gravel or rocky 
shores of cold lakes and in slightly brackish waters 
along eastern Baltic coast1; typical for trout region 
(stream), also in clear lakes6 
1 0 0 1 1 0 0 
A. bipunctatus Streams and rivers in foothills, with well oxygenated, 
fast flowing water1, clear streams with relatively 
high velocity, rare in stagnant water5 
1 0 0 0 1 0 0 
B. meridionalis Upper and middle stretches of streams, with fast, 
clear, and well-oxygentated water, also lowland 
where B. barbus is absent1,3 
1 0 0 0 1 0 0 
C. carassius  Usually restricted to densely vegetated backwaters & 
oxbows of lowland rivers, also in small well 
vegetated lakes & channels1; typical pond species 
(even small ponds), stagnant or slowly flowing 
macrophyte rich waters (ditches)6 
0 1 1 1 0 1 1 
C. gibelio Variety of still water bodies and lowland rivers1; 
typical for ponds, stagnant or slowly flowing 
macrophyte rich waters (ditches)6 
0 1 1 0 1 0 0 
G. gobio All types of riverine and lacustrine habitats with sand 
bottom, small mountain streams, large lowland rivers 
& large lakes1; riverine fish mainly, not very shallow 
water bodies, found in other waterbodies but with 
low numbers, rarely settle in stagnant waters 
connected to flowing waters, highly adaptive5 
1 0 0 1 1 0 0 
L. delineatus Lowland riverine habitats esp. oxbows & bodies only 
connected to rivers during floods, often in ponds, 
steppe lakes, small water bodies, any habitat with 
few or no predators1; macrophyte lowland lakes and 
1 1 1 1 1 1 0 
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 Habitat description  Freshwater Habitat 
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Species         
ponds and sometimes in slow flowing rivers,streams, 
and ditches; typical pond species6. 
L. leuciscus Moderate to fast-flowing large streams to large rivers 
spawns in fast-flowing shallow water often small 
tributaries1; inhabits moderate to fast-flowing large 
streams to large rivers with rock or gravel bottom3; 
cool oxygen rich and fast-flowing streams and lakes6 
1 0 0 1 1 0 0 
P. phoxinus Cold well-oxygenated habitats, fast streams to nordic 
lowland rivers small upland lakes to large 
oligotrophic lakes1; typical for trout region (stream), 
also lakes6 
1 0 0 1 1 0 0 
R. amarus Lowland ponds, canals, slow-flowing rivers, 
backwaters & oxbows where mussels are present1; 
macrophyte-rich stagnant or slowly-flowing waters6; 
ditches4  
0 1 1 0 1 1 1 
R. rutilus Wide variety of lowland habitats including small 
streams1; most abundant in nutrient-rich lakes and 
large to medium sized rivers and backwaters. Also 
recorded from small lowland streams and from 
brackish coastal lagoons3; Ditches4; typical pond 
species6 
1 1 1 1 1 1 1 
S. erythrophthalmus Nutrient rich, well-vegetated lowland rivers, 
backwaters, oxbows, ponds, lakes. Spawns on roots 
and submerged plants1; stagnant or slowly flowing 
macrophyte rich waters6 
0 1 1 1 1 1 1 
S. cephalus Small rivers, large streams of barbel zone with riffles 
and pools, shores of slow-flowing lowland rivers, 
very small mountain streams, large lakes migrating 
to spawn in flowing streams1; ditches, stagnant water 
bodies of all types, very tolerant to pollution and 
structurally poor water body segments5 
1 1 1 1 1 1 1 
T. tinca Typically shallow densely vegetated lakes and 
backwaters, often overwinters buried in mud, spawns 
among dense vegetation in still water1; pools3, 
ditches4 stagnant or slowly flowing macrophyte rich 
waters with mud, rivers5 
0 1 1 1 1 1 1 
E.lucius Wide variety of habitats with aquatic or periodically 
flooded vegetation, semi-anadromous in part of 
northern Baltic1; occurs in clear vegetated lakes, 
quiet pools and backwaters of creeks and small to 
large rivers. Usually solitary and highly territorial3. 
Ditches4 slowly flowing and stagnant waters, ponds6 
highly adaptive5 
0 1 1 1 1 1 0 
P.pungitius Small freshwater streams and ponds, with dense 
aquatic vegetation1; found in shallow vegetated areas 
of lakes, ponds, and pools of sluggish streams; 
sometimes in open water over sand3; Ditches4 
1 1 1 1 0 0 0 
G. aculeatus Mostly shallow coastal areas in Europe, small 
streams, variety of habitats including lakes and large 
rivers, quiet weedy pools1; small streams, lakes, 
rivers3; ditches4 , stagnant and flowing waters with 
1 1 1 1 1 0 0 
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 Habitat description  Freshwater Habitat 
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Species         
shallow macrophyte rich areas6 
G. gymnurus  Freshwater, nonmigratory, streams lakes ponds also 
found in brackish water1; streams, lakes, ponds, 
spring-fed water bodies, ersh and brackish water3 
1 0 1 1 0 0 0 
B. barbatula Flowing stretches of streams & medium sized rivers 
usually, also sandy canals and lake shores1; typical 
for trout region (stream), also downstream  and in 
lakes6 
1 0 0 1 1 0 1 
L. planeri Lowland, piedmont and montane zone in clear, well 
oxygenated brooks1; typical for trout region (stream), 
also in flow-through lakes4 
1 0 0 1 0 0 0 
P. fluviatilis A very wide range of habitats from estuarine 
lagoons, lakes of all types to medium sized streams1; 
ditches4, stagnant and flowing waters, rivers, ponds5 
1 1 1 1 1 1 1 
L. lota All well oxygenated flowing waters and large lakes 
... Estuaries of large lowland rivers, small mountain 
streams, deep water in summer1; preference for cool, 
clear, well-oxygenated water with hard bottom,  
streams, rivers, lakes. Avoids water bodies with soft 
bottom6. 
1 0 0 1 1 1 0 
S. trutta stream 
resident 
Cold streams, resident forms1; often found in fast-
flowing streams of mountain and sub-mountainous 
regions and sometimes even valleys3. Typical for 
trout region (stream)6 
1 0 0 0 0 0 0 
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Appendix II: Details on the matrix models’ data sources 
and parameterization 
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The content of this appendix is available online in a modified form, as supplimentary 
material for Ibrahim et al. 2014(Chapter 3). 
This appendix includes details on the matrix models’ data sources and parameterization. 
 
Abbreviations: 
i: age class  
Li: average body length 
Wi : average body mass in grams 
Si: average annual survival  
Ai: sex ratio of reproducing adults when considering both sexes or of offspring when 
considering females only 
Hi: hatch success accounting for fertilization and hatch 
Di: proportion of adults which reproduce 
Ei: per capita fecundity or eggs per mature female 
Fi: per capita fertility taken as whole numbers 
  
 
Table A.II.1. Matrix model parameters and data sources 
 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Cobitis taenia: life span 5 years (Robotham 1981, Marconato & Rasotto 1989) & time to first reproduction 3 years (Robotham 1981), considering both sexes
Age class 0 - 0.67 0.07 - - - - 0 
Age class 1 - 1.48 0.13 - - - - 0 
Age class 2 88.6  2.4 0.16 0.5 0.61 1 1849 0 
Age class 3 100.3  3.23 0.21 0.54 0.61 1 3955 39
Age class 4 - - 0 - - - - 91
Equation - (W_male + W_female) /2 Si=exp(‐Mwi); 
Mwi=MuWi
b 
adult females 
/adults 
- assumed lnE=1.07 + 0.065L Fi= S0*Ai -1*Hi*Di-1*2Ei-1 
Reference  Marconato & 
Rasotto 1989, 
Total length 
in mm 
Marconato & 
Rasotto 1989 
Lorenzen 1996a  
Mu=2.29, b=-0.36 
Marconato & 
Rasotto 1989 
Yasuia et al. 
2009 
- Marconato & 
Rasotto 1989, total 
length in mm 
Multiple spawner 
therefore we doubled the 
number of eggs 
Cottus gobio: life span 7 years  & time to first reproduction 2 years (Abdoli et al. 2005, Chaumot et al. 2006), considering both sexes 
                       model readily available but we recalculated parameters to shift the breeding census on birthday rather than 6 months later  
Age class 0 - - 0.04 - - - - 0 
Age class 1 - - 0.26 0.5 0.65 0.5 184 0 
Age class 2 - - 0.59 0.64 0.65 1 321  1 
Age class 3 - - 0.52 0.64 0.65 1 441  5 
Age class 4 - - 0.26 0.64 0.65 1 568  7 
Age class 5 - - 0.16 0.64 0.65 1 609 9 
Age class 6 - - 0 - - - - 9 
Equation - - S0 = 
0.0755/6*sqrt(S’0), Si 
= sqrt(S’i-1)*sqrt(S’i); 
i ≠ 0  
adult females 
/adults 
0.0751/6
 
assumed for age 
class 1 
- Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - - Abdoli et al. 2005& 
Chaumot et al. 2006 
for S’i values, 
survival in nests for 
5 months included in 
S0 
Marconato & 
Bisazza 1988 
Chaumot et al. 
2006 survival in 
nests for 1 
month  
Chaumot et al. 
2006 
Abdoli et al. 2005 - 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Alburnoides bipunctatus: life span 6 years & time to first reproduction 2 years (Raikova-Petrova et al. 2011), considering females only  
Age class 0 - 0.87 0.05 - - - - 0 
Age class 1 - 2.99 0.1 0.5 0.77 1 816 0 
Age class 2 - 5.29 0.13 0.5 0.77 1 1444 16 
Age class 3 - 9.99  0.17 0.5 0.77 1 2727 28 
Age class 4 - 16.45 0.21 0.5 0.77 1 4491 52 
Age class 5 - 23.26 0 - - - - 86 
Equation - - Si=exp(‐Mwi); 
Mwi=MuWi
b 
assumed lowest reported 
value  
assumed Ei=Wi * relative 
fecundity 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - Raikova-Petrova et 
al. 2011 
Lorenzen 1996a  
Mu=2.96, b=-0.23 
- Lahnsteinera et 
al. 2003 
 
- Polacik & Kovac 
2006  relative 
fecundity of 273 
yolked eggs/gram 
- 
Barbus meridionalis: life span 5 years & time to first reproduction 2 years (Neophitou 1987), considering both males (M) and females (F)  
Age class 0 6.2 2.55 F & 4.89 M 0.11 - - - - 0 
Age class 1 - 23.68 repro F 0.61 0.7 0.05*0.4 1 2439 0 
Age class 2 - 47.09 repro F 0.54 0.7 0.05*0.4 1 4852 4 
Age class 3 - 73.17 repro F 0.41 0.7 0.05*0.4 1 7537 7 
Age class 4 - - 0 - - - - 12 
Equation - WF=0.008 L3.159 
WM=0.0583 L2.428 
Si, i≠0 readily 
available; S0=exp(-
Mw0); Mw0=MuW0b 
adult females 
/adults 
lowest reported 
for Barbus 
barbus 
assumed Ei=WFi * relative 
fecundity 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Neophitou 
1987, lowest 
reported body 
length (cm) in 
fig.1. within 
Neophitou 1987  Neophitou 1987, 
Lorenzen 1996a 
Mu=2.96, b=-0.23 
Neophitou 1987 
derived from 
tab.2.  within 
Policar et al. 
2010 accounting 
for 57% overripe 
eggs 
- Neophitou 1987 
used lowest 
reported value of 
103 eggs/gram 
- 
Carassius carassius: life span 7 years & time to first reproduction 3 years (Neophitou 1987), considering females only 
Age class 0 4.60 3.13 0.09 - - - - 0 
Age class 1 6.80 10.58 0.37 - - - - 0 
Age class 2 8.70 22.81 0.37 0.5 0.1*0.45 0.8 2459 0 
Age class 3 10.40 39.81 0.37 0.5 0.1*0.45 1 4291 4 
Age class 4 11.80 59.02 0.37 0.5 0.1*0.45 1 6362 9 
Age class 5 13.3 79.83 0.37 0.5 0.1*0.45 1 8606 13 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Age class 6 - - 0 - - - - 17 
Equation - W=0.0268 L3.1187 S0=exp(-Mw0); 
Mw0=MuW0b;  Si = 
sqrt(1-Z) i≠0; Z=0.86 
total mortality per 2 
years 
assumed fertilization * 
hatch  
- Ei=Wi * relative 
fecundity 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Tarkan et al. 
2009 standard 
length (cm) 
values for 
Hawkock 
pond 
Tarkan et al. 2009  Lorenzen 1996a for 
S0 (Mu = 3.370, b = -
0.291); Piironen & 
Holopainen 1988 for 
Si, i?0 
- Pao et al. 1990, 
Laurila et al. 
1987 
Tarkan et al. 
2009, Copp et al. 
2008a 
Tarkan et al. 2009, 
Hawkock pond 
used 107.8 eggs/g 
- 
Gobio gobio: life span 6 years & time to first reproduction 2 years (Mann 1980; river Frome), considering females only 
Age class 0 4.2 0.71 0.04 - - - - 0 
Age class 1 9.3 8.00 0.33 0.5 0.19 0.89 943 0 
Age class 2 11.8 16.54 0.33 0.5 0.19 1 1949 3 
Age class 3 13.9 27.26 0.33 0.5 0.19 1 3212 7 
Age class 4 15.2 35.81 0.33 0.5 0.19 1 4219 12 
Age class 5 - - 0 - - - - 16 
Equation - W=0.0089 L3.05 Si, i≠0 readily 
available; S0=exp(-
Mw0); Mw0=MuW0b 
assumed lowest reported 
value 
values for river 
Frome calculated 
from table VI 
Ei=Wi * relative 
fecundity 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Mann 1980, 
length in cm 
Oscoz et al. 2005 Mann 1980, 
Lorenzen 1996a 
Mu=2.96, b=-0.23 
- Palíková & 
Krejčí 2006 
Mann 1980 Palíková & Krejčí 
2006, used lowest 
reported relative 
fecundity of 273 
yolked eggs/gram; 
values from Mann 
1980 not reliable 
- 
Leucaspius delineatus: life span 6 years & time to first reproduction 2 years (Beyer 2008, BTC1 site), considering females only 
Age class 0 39 0.83 0.09 - - - - 0 
Age class 1 43 1.05 0.11 0.5 0.77 1 284 10 
Age class 2 47 1.32 0.13 0.5 0.77 1 310 11 
Age class 3 51 1.66 0.15 0.5 0.77 1 337 12 
Age class 4 53 1.86 0.16 0.5 0.77 1 350 12 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Age class 5 - - 0 - - - - - 
Equation - W = 0.0879e0.0576FL Si=exp(‐Mwi); 
Mwi=MuWi
b 
assumed - assumed  Ei=FLi * relative 
fecundity 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Beyer 2008 
fork length 
(mm) for 
BTC1 site 
Gozlan et al. 2003 Lorenzen 1996a 
Mu=2.29, b=-0.36 
- Lahnsteinera et 
al. 2003, used 
lowest reported 
value for 
cyprinidae 
- Beyer 2008, relative 
fecundity of 6.6 
eggs/mm fork 
length 
- 
Leuciscus leuciscus: life span 9 years & time to first reproduction 3 years (Hickley & Bailey 1982), considering females only 
Age class 0 63.5 3.55 0.11 - - - - 0 
Age class 1 104.1 - 0.49 - - - - 0 
Age class 2 135.7 - 0.49 0.5 0.086 0.06 2736 0 
Age class 3 154.6 - 0.49 0.5 0.086 0.18 3965 1 
Age class 4 169.6 - 0.49 0.5 0.086 0.087 5234 3 
Age class 5 183.8 - 0.49 0.5 0.086 1 6216 22 
Age class 6 201.1 - 0.49 0.5 0.086 1 8033 29 
Age class 7 208.5 - 0.49 0.5 0.086 1 8536 38 
Age class 8 - - 0 - - - - 40 
Equation - log W= 3.077 log 
FL-4.9968 
Si, i≠0 readily 
available; S0=exp(-
Mw0); Mw0=MuW0b 
assumed 1-0.914 - Log Ei= 3.0260 log 
FLi - 0.0122 
 
Reference Hickley & 
Bailey 1982 
fork length 
(mm) 
Hickley & Bailey 
1982 fork length 
(mm) 
Hickley & Bailey 
1982, 
Lorenzen 1996a 
Mu=2.96, b=-0.23 
- Mann & Mills 
1986, used 
highest reported 
total mortality 
from egg release 
to hatch 
Mann & Mills 
1985 
Wilkinson & Jones 
1977, fork length 
(cm) 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Phoxinus phoxinus: life span 4 years & time to first reproduction 2 years (Pitcher 1971), considering females only 
Age class 0 - - 0.02 - - - - 0 
Age class 1 - - 0.14 0.5 0.85 1 825 0 
Age class 2 - - 0.04 0.5 0.85 1 1109 7 
Age class 3 - - 0 - - - - 9 
Equation - -  assumed  - assumed  Similar body 
lengths as in Pitcher 
1971 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Reference - - Pitcher 1971, 
approximated from 
figure 
- Lahnsteinera et 
al. 2003, average 
reported value 
for cyprinidae 
- Mills & Eloranta 
1985 
- 
Rhodeus amarus: life span 5 years & time to first reproduction 2 years (Koutrakis et al. 2003), considering both sexes 
Age class 0 37.37 0.39 F & 0.42 M  - - - - 0 
Age class 1 49.03 -  0.43 0.63 1 94 0 
Age class 2 58.43 -  0.43 0.63 1 153 1 
Age class 3 66.21 -  0.43 0.63 1 218 2 
Age class 4 73.97 -  - - - - 2 
Equation - WF=0.000004 
L3.190; 
WM=0.000003 L3.25   
Si, i≠0 readily 
available; S0=exp(-
Mw0); Mw0=MuW0b 
adult females 
/adults 
- assumed Ei=0.0016 L2.82 Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Koutrakis et 
al. 2003, total 
length (mm) 
Koutrakis et al. 
2003, total length 
(mm) 
Koutrakis et al. 2003, 
Lorenzen 1996a 
Mu=2.53, b=-0.289 
Koutrakis et al. 
2003, derived 
from table 1 
within 
Martin et al. 
2009, average 
mortality rate 
(from egg to 
freely swimming 
embryo) 
- Koutrakis et al. 
2003, total length 
(mm) 
- 
Rhodeus amarus: life span 10 years & time to first reproduction 3 years (Vollestad & L’Abee-Lund 1987, population of 1980), considering both sexes 
Age class 0 - - 0.31 - - - - 0 
Age class 1 - - 0.31 - - - - 0 
Age class 2 - - 0.31 0.1 0.03 1 1980 0 
Age class 3 - - 0.35 0.26 0.03 1 4190 2 
Age class 4 - - 0.35 0.45 0.03 1 5200 10 
Age class 5 - - 0.41 0.48 0.03 1 7040 22 
Age class 6 - - 0.41 0.75 0.03 1 8860 31 
Age class 7 - - 0.41 0.84 0.03 1 13060 62 
Age class 8 - - 0.52 1 0.03 1 12380 102 
Age class 9 - - 0 - - - - 115 
Equation - - Si = 0.011/3 for males 
i<3; Si = 0.011/5 for 
females i<5 
adult females 
/adults 
 assumed - Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - - Vollestad & L’Abee-
Lund 1987, survival 
Vollestad & 
L’Abee-Lund 
Vollestad & 
L’Abee-Lund 
- Vollestad & 
L’Abee-Lund 1987, 
- 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
from hatch to 
maturity =0.01; 
males mature at age 
3 females at age 5, 
max age male= 7 & 
max age female= 8  
1987, calculated 
from table 3  
within 
1987, embryo 
survival 
population of 1980 
Scardinius erythrophthalmus: life span 8 years & time to first reproduction 2 years (Vollestad & L’Abee-Lund 1987), considering females only 
Considered average time to reproduction at age 2 bc 50% mature at age 1 and it is not typical that they mature at 1 see tab3 within reference. 
Age class 0 - 7.38 0.09*0.43 - - - - 0 
Age class 1 - 23.25 0.15 0.5 0.38 - 2952 0 
Age class 2 - 24.62 0.15 0.5 0.38 1 3058 29 
Age class 3 - 60.55 0.22 0.5 0.38 1 4505 30 
Age class 4 - 99.88 0.25 0.5 0.38 1 7120 44 
Age class 5 - 240 0.32 0.5 0.38 1 23337 69 
Age class 6 - 363.92 0.36 0.5 0.38 1 32304 227 
Age class 7 - - 0 - - - - 315 
Equation - mean - SD Si=exp(‐Mwi); 
Mwi=MuWi
b 
assumed - - mean - SD Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - Vollestad & 
L’Abee-Lund 1987, 
lowest reported 
Lorenzen 1996a 
Mu=3.85, b=-0.224, 
S0 accounts for 
fingerling predation 
of 43% Klein 
Breteler 1979 
- Klein Breteler 
1979, 62% 
mortality from 
egg till 3rd day 
after hatch 
Vollestad & 
L’Abee-Lund 
1987 
Vollestad & 
L’Abee-Lund 1987, 
lowest reported 
- 
Tinca tinca: life span 9 years & time to first reproduction 3 years (Balık et al. 2009), considering females only 
Age class 0 7.02 15.09 0.12 - - - - 0 
Age class 1 12.98 57.04 0.21 - - - - 0 
Age class 2 18.19 - 0.14 0.5 0.4 1 9641 0 
Age class 3 22.73 - 0.14 0.5 0.4 1 11365 231 
Age class 4 26.71 - 0.14 0.5 0.4 1 12876 273 
Age class 5 30.18 - 0.14 0.5 0.4 1 14199 309 
Age class 6 33.21 - 0.14 0.5 0.4 1 15357 341 
Age class 7 35.86 - 0.14 0.5 0.4 1 16370 369 
Age class 8 38.18 - - - - - - 393 
Equation Lt = 54.2[1- W=0.0151L2.9993 Si=exp(-Mwi); assumed Mean-SD assumed Ei=0.037799 L1.0212 Fi= S0*Ai -1*Hi*Di-1*Ei-1 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
exp(-0.1350(t 
+ 1.0281))] 
Mwi=MuWib, i<2;  Si= 
exp(-Z) , i>1 & Z= 
1.97 total mortality 
per year 
 
 
Reference Fork length 
(cm), Balık et 
al. 2009 
Balık et al. 2009, 
Fork length (cm) 
Balık et al. 2009, 
Lorenzen 1996a 
Mu=3.85, b=-0.224; 
Fishing pressure 
starts at age 3 
- Linhart et al. 
2006, lowest 
reported 
- Benzer et al. 2011, 
Fork length (mm) 
- 
Esox lucius: life span 9 years & time to first reproduction 2 years (Mann 1976), considering both sexes 
Age class 0 - 0.1 0.007 - - - - 0 
Age class 1 - - 0.53 0.5 0.04 0.75 12556 0 
Age class 2 - - 0.53 0.5 0.04 1 24213 1 
Age class 3 - - 0.53 0.5 0.04 1 34456 3 
Age class 4 - - 0.53 0.78 0.04 1 46107 5 
Age class 5 - - 0.53 0.78 0.04 1 51881 10 
Age class 6 - - 0.53 0.78 0.04 1 101829 11 
Age class 7 - - 0.53 0.78 0.04 1 101829 22 
Age class 8 - - 0 0.78 - - - 22 
Equation - - S0=exp(-Mw0); 
Mw0=MuW0b;  Si= 
exp(-Z) , i>0 & Si= 
(Smale + Sfemale)/2 = 
(0.42+0.63)/2 
 
- - - - Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - Mann 1976 Mann 1976 river 
Stour, 
Lorenzen 1996a 
Mu=2.96, b=-0.36 
Mann 1976 Nilsson 2006, 
lowest reported 
egg survival 
value 
Mann 1976 Mann 1976 - 
Pungitius pungitius: life span 4 years & time to first reproduction 2 years (Heins et al. 2003), considering females only 
Age class 0 2.43 0.15 0.01 - - - - 0 
Age class 1 - - 0.33 0.5 0.95 0.5 1573 0 
Age class 2 - - 0.33 0.5 0.95 1 1573 4 
Age class 3 - - 0 - - - - 7 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Equation - W=0.125L2.774 S0=exp(-Mw0); 
Mw0=MuW0b , Si= 
exp(-Z), i>0, Z= 1.1 
assume - - - Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Coad & 
Power 1973, 
length in cm 
Verreycken et al. 
2011 
Pauly 1980, 
Lorenzen 1996a Mu= 
2.53, b=-0.289 
- Takahashi et al. 
2005, 
Griswold & 
Smith 1972 
similar to 
Gasterosteus sp. 
in Toshihiko & 
Shigeru 1999 
Copp et al. 2002 - 
Gasterosteus aculeatus: life span 4 years & time to first reproduction 2 years (Wootton et al. 1978), considering females only 
Age class 0 2.46 0.16 0.01 - - - - 0 
Age class 1 - - 0.41 0.5 0.8 0.5 2060 0 
Age class 2 - - 0.41 0.5 0.8 1 2060 4 
Age class 3 - - 0 - - - - 8 
Equation - W=0.0105L3.049 S0=exp(‐Mw0); 
Mw0=MuW0
b , Si= 
exp(‐Z), i>0, Z= 0.9 
 
assume - - - Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Toshihiko & 
Shigeru 1999, 
length in cm 
Verreycken et al. 
2011 
Pauly 1980, 
Lorenzen 1996a Mu= 
2.53, b=-0.289 
- Faris & Wootton 
1987, assume 
full fertillization 
Toshihiko & 
Shigeru 1999 
Copp et al. 2002 - 
Lota lota: life span 6 years & time to first reproduction 3 years (Worthington et al. 2011), considering both sexes 
Age class 0 - - 0.001 - - - - 0 
Age class 1 - - 0.51 - - - - 0 
Age class 2 - - 0.51 0.48 - 0.33 97918 0 
Age class 3 - - 0.51 0.48 - 0.33 97918 16 
Age class 4 - - 0.51 0.48 - 0.33 97918 16 
Age class 5 - - 0 - - - - 16 
Equation - - S0= (0.02+0.15)/2 %, 
Si = mean - SD 
 
adult females / 
adults 
- - Ei = mean-SD Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - - Worthington et al. 
2011 
Worthington et 
al. 2011  
Worthington et 
al. 2011, 
included in S0, 
the value reflects 
survival from 
egg to year 1 
Worthington et 
al. 2011 
Worthington et al. 
2011 
- 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Barbatula barbatula: life span 6 years & time to first reproduction 3 years (Saat et al. 2003), considering both sexes 
Age class 0 4.7 0.77 0.04 - - - - 0 
Age class 1 8. 4.07 0.17 0.64 0.5 0.8 4633 0 
Age class 2 9.9 7.93 0.25 0.64 0.5 1 9036 47 
Age class 3 10.8 10.42 0.28 0.64 0.5 1 11870 116 
Age class 4 11.4 12.35 0.30 0.64 0.5 1 14063 152 
Age class 5 - - 0 - - - - 180 
Equation - Wi= 0.006Li3.135 Si=exp(‐Mwi); 
Mwi=MuWi
b 
 
adult females / 
adults 
assumed - Ei=Wi * relative 
fecundity 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Smyly 1955 Verreycken et al. 
2011 
Lorenzen 1996a Mu= 
2.96, b=-0.36 
Saat et al. 2003 
table 1 within 
- Saat et al. 2003 
table 1 within 
Saat et al. 2003 , 
Lowest reported 
1139 eggs/gram 
- 
Perca fluviatilis: life span 13 years & time to first reproduction 4 years (reconstructed from Hanson 2009), considering females only 
Age class 0 -  0.10 - - - - 0 
Age class 1 -  0.20 - - - - 0 
Age class 2 -  0.30 - - - - 0 
Age class 3 190  0.40 0.5 0.02 1 19595 0 
Age class 4 220  0.40 0.5 0.02 1 26356 20 
Age class 5 245  0.40 0.5 0.02 1 32715 26 
Age class 6 265  0.40 0.5 0.02 1 43546 33 
Age class 7 294  0.40 0.5 0.02 1 46888 44 
Age class 8 302  0.40 0.5 0.02 1 54993 47 
Age class 9 320  0.40 0.5 0.02 1 61367 55 
Age class 10 333  0.40 0.5 0.02 1 82026 61 
Age class 11 370  0.40 0.5 0.02 1 91513 82 
Age class 12 -  - - - - - 92 
Equation -  -  - - Ei = exp (−4.971+ 
2.754 × ln Li) 
Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference Hanson 2009, 
L in mm 
 Hanson 2009 Hanson 2009 Hanson 2009 Hanson 2009 Hanson 2009 -
Lampetra planeri: life span 7 years & time to first reproduction 6 years (Hardisty 1961), considering females only 
Age class 0 - - 0.6 - - - - - 
Age class 1 - - 0.6 - - - - - 
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 Body length 
(Li) 
Body mass (Wi)  Annual survival (Si) Sex ratio (Ai) Hatch success 
(Hi) 
Proportion 
reproducing (Di) 
Per capita fecundity 
(Ei) 
Per capita fertility  
(Fi) 
Age class 2 - - 0.6 - - - - - 
Age class 3 - - 0.6 - - - - - 
Age class 4 - - 0.6 - - - - - 
Age class 5 - - 0.45 0.5 0.05 1 1500 - 
Age class 6 - - 0 - - - - 23 
Equation - - Si=1-M, M=0.4 & 
i<5; S5 = sqrt(0.2) 
assume - assume - Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - - Hardisty 1961, 
Krappe 2004, 
assumed twice 
average mortality for 
age class 6 because 
of metamorphisis, 
calculated for 6 
months. 
- Krappe 2004 - Hardisty 1963 - 
Salmo trutta stream-resident: life span 5 years & time to first reproduction 3 years (reconstructed from Capra et al. 2003), considering females only 
Age class 0 - - 0.06 - - - - 0 
Age class 1 - - 0.5 0.5 0.8*0.85 - - 0 
Age class 2 - - 0.4 0.5 0.8*0.85 1 156 0 
Age class 3 - - 0.4 0.5 0.8*0.85 1 372 3 
Age class 4 - - 0 - - - - 8 
Equation - - - assume Hatch success = 
0.8, fertilization 
rate= (0.8+0.9)/2 
- - Fi= S0*Ai -1*Hi*Di-1*Ei-1 
Reference - - Capra et al. 2003 - Capra et al. 
2003; Chaumot 
et al. 2003, 
Gouraud et al. 
2001 
Capra et al. 2003 Capra et al. 2003 - 
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Table A.III.1. Minnow average fork length-at-age (mm), data collected from literature on 13 different populations, for some of them separate data 
for females and males was available.  
Source Location Habitat Climate Age (yr) Length 
unsexed  
Length 
Females  
Length 
Males 
Frequency 
unsexed 
Frequency 
Females 
Frequency 
Males 
Mills&Eloranta 1985  Central Finland lake Cold 1 27.9 27.9 27.9 219 219 219 
Mills&Eloranta 1985 Central Finland lake Cold 2 50.9 50 49.2 130 10 16 
Mills&Eloranta 1985 Central Finland lake Cold 3 60.4 61.1 60.4 213 15 14 
Mills&Eloranta 1985 Central Finland lake Cold 4 66.7 68.8 65 49 17 1 
Mills&Eloranta 1985 Central Finland lake Cold 5 78 78 ---- 1 1 0 
Mills 1988-Papulampi Finnish Lapland lake Cold 3 52 ---- ---- ---- ---- ---- 
Mills 1988-Papulampi Finnish Lapland lake Cold 4 63 ---- ---- ---- ---- ---- 
Mills 1988-Papulampi Finnish Lapland lake Cold 5 70 ---- ---- ---- ---- ---- 
Mills 1988-Papulampi Finnish Lapland lake Cold 6 76 ---- ---- ---- ---- ---- 
Mills 1988-Papulampi Finnish Lapland lake Cold 7 82 ---- ---- ---- ---- ---- 
Mills 1988-Papulampi Finnish Lapland lake Cold 9 89 ---- ---- ---- ---- ---- 
Mills 1988-Utsjoki dwn Finnish Lapland stream Cold 2 34 ---- ---- 5 ---- ---- 
Mills 1988-Utsjoki dwn Finnish Lapland stream Cold 4 49 ---- ---- 1 ---- ---- 
Mills 1988-Utsjoki dwn Finnish Lapland stream Cold 5 59 ---- ---- 53 ---- ---- 
Mills 1988-Utsjoki dwn Finnish Lapland stream Cold 6 65 ---- ---- 73 ---- ---- 
Mills 1988-Utsjoki dwn Finnish Lapland stream Cold 7 71 ---- ---- 15 ---- ---- 
Mills 1988-Utsjoki dwn Finnish Lapland stream Cold 8 78 ---- ---- 1 ---- ---- 
Mills 1988-Utsjoki dwn Finnish Lapland stream Cold 11 74 ---- ---- 1 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 2 29 ---- ---- 3 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 3 37 ---- ---- 16 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 4 41 ---- ---- 14 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 5 49 ---- ---- 59 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 6 55 ---- ---- 86 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 7 60 ---- ---- 30 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 8 68 ---- ---- 10 ---- ---- 
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Source Location Habitat Climate Age (yr) Length 
unsexed  
Length 
Females  
Length 
Males 
Frequency 
unsexed 
Frequency 
Females 
Frequency 
Males 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 9 77 ---- ---- 3 ---- ---- 
Mills 1988-Utsjoki up Finnish Lapland stream Cold 13 75 ---- ---- 1 ---- ---- 
Frost 1943-Windermere Northern England  lake Temperate 1 33.7 33.2 35.3 91 42 42 
Frost 1943-Windermere Northern England  lake Temperate 2 56.2 56.9 55.7 130 61 69 
Frost 1943-Windermere Northern England  lake Temperate 3 68.8 70.2 63.9 65 50 15 
Frost 1943-Brathay Northern England  stream Temperate 1 36.6 38.3 38.3 66 14 30 
Frost 1943-Brathay Northern England  stream Temperate 2 54.4 54.7 54 106 53 53 
Frost 1943-Brathay Northern England  stream Temperate 3 65.3 65.6 62.5 33 23 10 
Mills 1988-Frome Southern England stream Temperate 1 29 ---- ---- ---- ---- ---- 
Mills 1988-Frome Southern England stream Temperate 2 55 ---- ---- ---- ---- ---- 
Mills 1988-Frome Southern England stream Temperate 3 73 ---- ---- ---- ---- ---- 
Daoud et al. 1985-North lake Ireland lake Temperate 1 34.6 ---- ---- 355 ---- ---- 
Daoud et al. 1985-North lake Ireland lake Temperate 2 52.1 ---- ---- 921 ---- ---- 
Daoud et al. 1985-North lake Ireland lake Temperate 3 66.8 ---- ---- 89 ---- ---- 
Daoud et al. 1985-North lake Ireland lake Temperate 5 85 ---- ---- 1 ---- ---- 
Daoud et al. 1985-South lake Ireland lake Temperate 1 31.9 ---- ---- 85 ---- ---- 
Daoud et al. 1985-South lake Ireland lake Temperate 2 52.7 ---- ---- 697 ---- ---- 
Daoud et al. 1985-South lake Ireland lake Temperate 3 66.6 ---- ---- 179 ---- ---- 
Daoud et al. 1985-South lake Ireland lake Temperate 4 80.5 ---- ---- 11 ---- ---- 
Daoud et al. 1985-Varty river Ireland stream Temperate 1 40 ---- ---- 3 ---- ---- 
Daoud et al. 1985-Varty river Ireland stream Temperate 2 56.6 ---- ---- 413 ---- ---- 
Daoud et al. 1985-Varty river Ireland stream Temperate 3 67.7 ---- ---- 41 ---- ---- 
Daoud et al. 1985-Varty river Ireland stream Temperate 4 82 ---- ---- 1 ---- ---- 
*Tack 1940 Albaum & Lenne Germany stream Temperate 1 32.4 ---- ---- 143 ---- ---- 
*Tack 1940 Albaum & Lenne Germany stream Temperate 2 49.6 ---- ---- 173 ---- ---- 
*Tack 1940 Albaum & Lenne Germany stream Temperate 3 63.8 ---- ---- 82 ---- ---- 
*Tack 1940 Albaum & Lenne Germany stream Temperate 4 79.5 ---- ---- 56 ---- ---- 
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Source Location Habitat Climate Age (yr) Length 
unsexed  
Length 
Females  
Length 
Males 
Frequency 
unsexed 
Frequency 
Females 
Frequency 
Males 
*Tack 1940 Teutoburger Wald Germany stream Temperate 1 30.9 ---- ---- 19 ---- ---- 
*Tack 1940 Teutoburger Wald Germany stream Temperate 2 51.2 ---- ---- 48 ---- ---- 
*Tack 1940 Teutoburger Wald Germany stream Temperate 3 70.4 ---- ---- 24 ---- ---- 
*Tack 1940 Teutoburger Wald Germany stream Temperate 4 87.1 ---- ---- 6 ---- ---- 
*Tack 1940- pooled data Germany stream Temperate 1 ---- 34.5 35.5 ---- 51 40 
*Tack 1940- pooled data Germany stream Temperate 2 ---- 49.3 50.1 ---- 118 113 
*Tack 1940- pooled data Germany stream Temperate 3 ---- 66.8 65.4 ---- 68 47 
*Tack 1940- pooled data Germany stream Temperate 4 ---- 83.6 78.4 ---- 63 20 
*Tack 1940- pooled data Germany stream Temperate 5 ---- 93.4 82.1 ---- 13 5 
*Tack 1940- pooled data Germany stream Temperate 6 ---- 107.1 ---- ---- 3 0 
Crisp et al. 1974 Northern England stream Temperate 1 37.5 37.5 37.5 ---- ---- ---- 
Crisp et al. 1974 Northern England stream Temperate 2 64 65 63 ---- ---- ---- 
Crisp et al. 1974 Northern England stream Temperate 3 80 82 78 ---- ---- ---- 
Crisp et al. 1974 Northern England stream Temperate 4 88 91 85 ---- ---- ---- 
* 
Data from Tack (1940) was converted from total length to fork length dividing by 1.062 as specified for minnows on fishbase (Froese and Pauly 2011)
  
 
 
Figure A.III.1. Minnow growth for 13 different unsexed populations; the modelled 
population is highlighted in red. 
 
Table A.III.2. Mean fork lengths (mm) and weights (g) for minnows obtained from 
pooled data from Mann (1971) covering three streams that were sampled on monthly 
basis. Frost (1943) reports values for Lake Windermere for the periods of April-May and 
August-September only. Data from Mann (1971) was used for parameterization because it 
gives a more comprehensive dataset. However, we checked the agreement of estimated 
values with weights reported by Frost (1943). Estimated weights are calculated using the 
derived parameters in Figure A.III.2. and the equation W=aLb 
Fork Length Weight-measured log length log weight Weight-predicted 
Data from Mann 1971 
12 0.02 1.08 -1.70 0.01 
13 0.02 1.11 -1.70 0.02 
17 0.05 1.23 -1.30 0.05 
20 0.08 1.30 -1.10 0.08 
21 0.09 1.32 -1.05 0.09 
23 0.13 1.36 -0.89 0.12 
24 0.14 1.38 -0.85 0.14 
25 0.16 1.40 -0.80 0.16 
26 0.15 1.41 -0.82 0.18 
26 0.15 1.41 -0.82 0.18 
27 0.2 1.43 -0.70 0.21 
27 0.2 1.43 -0.70 0.21 
27 0.2 1.43 -0.70 0.21 
27 0.21 1.43 -0.68 0.21 
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Fork Length Weight-measured log length log weight Weight-predicted 
27 0.17 1.43 -0.77 0.21 
28 0.25 1.45 -0.60 0.23 
29 0.29 1.46 -0.54 0.26 
29 0.26 1.46 -0.59 0.26 
29 0.29 1.46 -0.54 0.26 
30 0.3 1.48 -0.52 0.29 
30 0.32 1.48 -0.49 0.29 
30 0.32 1.48 -0.49 0.29 
31 0.32 1.49 -0.49 0.32 
31 0.33 1.49 -0.48 0.32 
31 0.35 1.49 -0.46 0.32 
32 0.4 1.51 -0.40 0.36 
32 0.34 1.51 -0.47 0.36 
32 0.34 1.51 -0.47 0.36 
32 0.34 1.51 -0.47 0.36 
34 0.39 1.53 -0.41 0.44 
36 0.51 1.56 -0.29 0.52 
37 0.53 1.57 -0.28 0.57 
39 0.63 1.59 -0.20 0.68 
40 0.69 1.60 -0.16 0.74 
41 0.77 1.61 -0.11 0.80 
41 0.77 1.61 -0.11 0.80 
42 0.83 1.62 -0.08 0.86 
43 0.86 1.63 -0.07 0.93 
43 0.89 1.63 -0.05 0.93 
43 0.84 1.63 -0.08 0.93 
45 0.98 1.65 -0.01 1.08 
45 1.09 1.65 0.04 1.08 
45 0.98 1.65 -0.01 1.08 
46 1.06 1.66 0.03 1.16 
46 1.06 1.66 0.03 1.16 
46 1.25 1.66 0.10 1.16 
46 1.25 1.66 0.10 1.16 
47 1.33 1.67 0.12 1.24 
48 1.22 1.68 0.09 1.33 
48 1.35 1.68 0.13 1.33 
49 1.28 1.69 0.11 1.42 
50 1.4 1.70 0.15 1.52 
50 1.4 1.70 0.15 1.52 
50 1.63 1.70 0.21 1.52 
51 1.44 1.71 0.16 1.62 
51 1.62 1.71 0.21 1.62 
52 1.66 1.72 0.22 1.73 
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Fork Length Weight-measured log length log weight Weight-predicted 
52 1.63 1.72 0.21 1.73 
52 1.63 1.72 0.21 1.73 
54 2.2 1.73 0.34 1.95 
54 1.83 1.73 0.26 1.95 
55 2.08 1.74 0.32 2.07 
55 1.94 1.74 0.29 2.07 
56 2.12 1.75 0.33 2.19 
56 2.06 1.75 0.31 2.19 
57 2.25 1.76 0.35 2.32 
57 2.19 1.76 0.34 2.32 
57 2.19 1.76 0.34 2.32 
57 2.19 1.76 0.34 2.32 
58 2.68 1.76 0.43 2.46 
58 2.6 1.76 0.41 2.46 
59 2.52 1.77 0.40 2.60 
59 2.75 1.77 0.44 2.60 
60 2.65 1.78 0.42 2.74 
60 2.9 1.78 0.46 2.74 
61 3.12 1.79 0.49 2.89 
62 3.4 1.79 0.53 3.05 
62 3.4 1.79 0.53 3.05 
62 3.4 1.79 0.53 3.05 
62 3.4 1.79 0.53 3.05 
62 3.21 1.79 0.51 3.05 
63 3.51 1.80 0.55 3.21 
63 3.38 1.80 0.53 3.21 
64 3.8 1.81 0.58 3.38 
64 3.8 1.81 0.58 3.38 
64 3.8 1.81 0.58 3.38 
64 3.6 1.81 0.56 3.38 
66 4.2 1.82 0.62 3.74 
66 4.03 1.82 0.61 3.74 
66 3.45 1.82 0.54 3.74 
67 4.23 1.83 0.63 3.92 
67 3.61 1.83 0.56 3.92 
68 4.16 1.83 0.62 4.12 
68 3.8 1.83 0.58 4.12 
69 3.97 1.84 0.60 4.31 
71 5.32 1.85 0.73 4.73 
71 4.76 1.85 0.68 4.73 
73 5.2 1.86 0.72 5.18 
75 5.69 1.88 0.76 5.65 
Data from Frost 1943 
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Fork Length Weight-measured log length log weight Weight-predicted 
23 0.17 
R2 = 0.95 
0.12 
28 0.27 0.23 
33 0.41 0.40 
38 0.68 0.62 
43 1.16 0.93 
48 1.64 1.33 
53 2.42 1.84 
58 2.81 2.46 
63 4.07 3.21 
68 4.95 4.12 
73 6.02 5.18 
28 0.24 0.23 
33 0.37 0.40 
38 0.7 0.62 
43 0.95 0.93 
48 1.39 1.33 
53 1.73 1.84 
58 2.3 2.46 
63 2.96 3.21 
68 3.5 4.12 
  
 
Figure A.III.2. Minnow length-weight relationship W= a Lb parameterized via log10-
log10 transformation and linear regression in the form log(W) = log(a) + b log(L). 
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Table A.III.3. Minnow fecundity data as obtained from Frost (1943). Fork length of 
females (mm) and egg number F (eggs/fish). Estimated egg numbers are calculated using 
the derived parameters in Figure A.III.3. and the equation F=aLb 
Fork Length 
Range 
Egg Number 
Range 
Median Fork 
Length 
Median Egg 
Number 
log Length log Number Egg-number 
predicted 
42-50 105-200 46 152.5 1.663 2.183 151.3 
51-60 180-330 55.5 255 1.744 2.406 259.5 
61-70 293-550 65.5 421.5 1.816 2.625 417.8 
 
 
Figure A.III.3. Minnow fecundity-length relationship F= a Lb parameterized via log10-
log10 transformation and linear regression in the form log(F) = log(a) + b log(L). Egg 
number (F) refers to ripe eggs ready for extrusion. The minimum length at maturity is 
40.5 mm before which no ripe eggs are assumed to be present. The maximum reported 
length in the population is a 77 mm female. 
Table A.III.4. Minnow daily growth rate for an unsexed population: Data from Frost 
(1943) as used in the Gulland and Holt plot for minnow females. Length-at-hatch = L(0) 
= Lm = 4.5 mm, age t in days, length-at-age L(t) in mm, L(t) mean = (L(t+Dt)+L(t))/2.  
Age (t)  Dt L(t) mean 
measured 
Standard 
deviation 
DL(t) DL(t) / Dt  L(t) mean L(t) predicted 
0  4.5     4.5 
365 365 33.70 4.48 29.20 0.08 19.10 34.28 
730 365 56.20 5.62 22.50 0.06 44.95 54.96 
1095 365 68.80 4.32 12.60 0.03 62.50 69.32 
1460 365      79.28 
1825       86.20 
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Figure A.III.4. Length-at-age for an unsexed minnow population as measured by Frost 
(1943) and as modelled using the fitted density independent VBG: Lt = Linf - (Linf - Lm) * 
exp (-kt). Dots are measured mean values and horizontal bars are the corresponding 
standard deviations. 
 
Table A.III.5. Female minnow daily growth rate constant derived from data from Frost 
(1943) for female minnows using multiple linear regression after fixing Linf  to the value 
obtained in Figure A.III.4. Since no significant differences in growth were observed in 
individuals of different sexes till 2 years of age, average length-at-age for males and 
females taken together was used for length at age 365 days. 
Age (t)  L(t) female measured L(t) female predicted Regression results 
0 4.5 4.5   
365 33.7 35.0 Growth constant 0.001 day-1 
730 56.9 55.9 Standard error  1.724 * 10-5 
1095 70.2 70.3 R2 measured/predicted 0.999 
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Table A.III.6. Male minnow daily growth rate constant derived from data from Frost 
(1943) for female minnows using multiple linear regression after fixing Linf  to the value 
obtained in Figure A.III.4. Since no significant differences in growth were observed in 
individuals of different sexes till 2 years of age, average length-at-age for males and 
females taken together was used for length at age 365 days. 
Age (t)  L(t) male measured L(t) male predicted Regression results 
0 4.5 4.5   
365 33.7 32.8 Growth constant 0.0009 day-1 
730 55.7 52.9 Standard error  4.356 * 10-5 
1095 63.9 67.1 R2 measured/predicted 0.991 
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Appendix IV: NetLogo program for the Minnow IBM 
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This appendix contains the program code for the Minnow IBM which is presented in 
Chapters 4 and 5. Code is in black and explanatory commnets are in blue. 
 
Individual state variables (i_), observation variables (o_) and parameters describing the 
environment (e_) and species (s_) in the Minnow IBM. Uniformly throughout the code 
parameters are named in uppercase with words separated by underscores while variables 
are named in lowercase with first letters of words in uppercase except the first word. The 
word “list” is added in the end to identify lists, "set" to identify agent sets, “female” and 
“male” to identify sex-specific variables and variables which pose a question end with a 
question mark “?". Variables which are created locally within a process as intermediate 
variables that are nowhere else needed are preceded with (l_) 
 
Code which was used for implementation verification, model output verification and 
corroboration and model analysis is also included in the program, however commented 
out. Best to refer to TRACE to understand the context of this extra code 
 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; shows how much time each procedure is consuming 
extensions [ profiler ] 
; create global variables and parameters 
globals 
[ 
  s_LENGTH_AT_HATCH 
  s_GROWTH_CONSTANT_male 
  s_GROWTH_CONSTANT_female 
  s_LIMITING_ASYMPTOTIC_LENGTH 
  s_STRENGTH_OF_DENSITY_DEPENDENCE 
  s_WEIGHT_CONSTANT 
  s_WEIGHT_EXPONENT 
  s_MORTALITY_AT_UNIT_WEIGHT 
  s_MORTALITY_EXPONENT 
  s_CORRECTION_FACTOR_EARLY_JUVENILE 
  s_CORRECTION_FACTOR_REPRODUCING_ADULT 
  s_FECUNDITY_CONSTANT 
  s_FECUNDITY_EXPONENT 
  s_LENGTH_AT_HABITAT_SHIFT 
  s_LENGTH_AT_MATURITY 
  s_DAYS_FROM_SPAWNING_TO_HATCH 
  s_DAYS_FROM_HATCH_TO_SWIMUP 
  s_LENGTH_AT_SWIMUP 
  s_LARVAL_SURVIVAL 
  s_HATCH_SUCCESS 
  s_SEX_RATIO_RECRUITS 
  s_SEX_RATIO_INITIAL 
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  e_REPRODUCTIVE_WINDOW_start 
  e_REPRODUCTIVE_WINDOW_end 
  e_CARRYING_CAPACITY 
  o_simulationDay 
  o_simulationYear 
  o_timeToStability 
  o_reproductiveWindow? 
  o_biomassDensity 
  o_asymptoticLength  
  o_ageAtMaturity_list 
  o_N_eggsPerDay 
  o_N_eggsPerDay_list 
; observer variables for plotting and for the for the BehaviourSapace tool used in sensitivity 
analysis and analysis of variance 
  o_N_Age1 
  o_N_Age2 
  o_N_Age3 
  o_N_Age4 
  o_N_Age5+ 
  o_N_minnows 
  o_N_juveniles 
  o_N_adultMales 
  o_N_adultFemales 
  o_abundance_365_list 
  o_demogStructure_365_list 
  o_biomass_365_list 
 ; used to output data using BehaviourSpace in order to produce size‐relative frequency plots for 
model output validation 
  o_N_Size1 
  o_N_Size2 
  o_N_Size3 
  o_N_Size4 
  o_N_Size5 
  o_N_Size6  
  o_N_Size7 
  o_N_Size8 
  o_N_Size9 
  o_N_Size10 
  o_N_Size11 
  o_N_Size12 
  o_N_Size13 
  o_N_Size14 
  o_N_Size15 
  o_N_Size16 
  o_N_Size17  
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]    
; variables for all fish individuals 
turtles‐own [ 
              i_age 
              i_sex 
              i_length 
              i_stage 
              i_reproductiveState 
              i_guardingCounter 
            ] 
;;;;;;;;;;;;;;;;;;;;; SETUP ;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
to Setup   
; clear everything from the last simulation 
  clear‐all 
; no visual representation of the model is needed and therefore having no display makes the 
model run faster 
  no‐display  
; setup the environment  
  set e_REPRODUCTIVE_WINDOW_start 1 
  set e_REPRODUCTIVE_WINDOW_end 92 
  set e_CARRYING_CAPACITY 47.862     
; setup the species‐specific parameters and variables: 
; length‐weight relationship W=a(L^b): W(g) L(mm) derived for English streams from Mann 
(1971) 
  set s_WEIGHT_CONSTANT 0.000004776 
  set s_WEIGHT_EXPONENT 3.2389 
 ; length‐fecundity relationship F= a(L^b); F is number of ripe eggs ready for extrusion and L is 
fork length in mm derived from Frost (1943) 
  set s_FECUNDITY_CONSTANT 0.002521 
  set s_FECUNDITY_EXPONENT 2.8737 
 ; allometric relationship of natural mortality as a power function of weight (Lorenzen 1996a) 
Mw=Mu * W^b, W(g) M(day‐1) 
  ; we use the values for fish in flowing natural freshwaters as provided in literature (Lorenzen 
1996a) along with correction factors 
  set s_MORTALITY_AT_UNIT_WEIGHT 0.006932 
  set s_MORTALITY_EXPONENT ‐0.289 
  set s_CORRECTION_FACTOR_EARLY_JUVENILE 0.5 
  set s_CORRECTION_FACTOR_REPRODUCING_ADULT 1.5 
  ; the density independent VBGF parameters for English populations according to Frost (1943) 
  set s_LENGTH_AT_HATCH 4.5 
  set s_GROWTH_CONSTANT_male 0.0009 
  set s_GROWTH_CONSTANT_female 0.001 
  ; the parameters for the linear relationship between asymptotic length and biomass density 
according to Lorenzen and Enberg (2002) 
  set s_LIMITING_ASYMPTOTIC_LENGTH 105.2 
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  set s_STRENGTH_OF_DENSITY_DEPENDENCE 0.069 ; to visualize exponential growth in the 
absence of density dependence set the value to 0 
  ; fork length at which early juveniles undergo ontogenetic shifts to become late juveniles 
associated with habitat shift from shallower to deeper water (Simonovic et al. 1999) 
  set s_LENGTH_AT_HABITAT_SHIFT 31 
  ; parameters relevant for the eggs and larvae 
  ; according to Frost (1943), 4 days to hatch and 14 days to swim up after hatch, length at swim 
up 8 mm 
  ; hatch success reported ranges for cyprinidae (77‐93%, Lahnsteiner et al. 2003) 
  ; larval survival reported ranges for P. phoxinus (Fent and Meier 1992; 80 to 100 % at 16 °C) 
  ; assumed 1:1 sex ratio of recruits 
  set s_DAYS_FROM_SPAWNING_TO_HATCH 4 
  set s_DAYS_FROM_HATCH_TO_SWIMUP 14 
  set s_LENGTH_AT_SWIMUP 8 
  set s_HATCH_SUCCESS 0.85 
  set s_LARVAL_SURVIVAL 0.90 
  set s_SEX_RATIO_RECRUITS 0.50  
; setup the observer variables: 
  set o_simulationDay 0 
  set o_simulationYear 1 
  set o_N_eggsPerDay 0 
  ; an empty list to follow the eggs that are produced per day during the breeding season 
  set o_N_eggsPerDay_list [] 
  ; an empty list which would later contain the list of ages at maturity of the juveniles that 
mature as the model runs 
  set o_ageAtMaturity_list [] 
  ; initial value for asymptotic length of the VBGF growth function 
  set o_asymptoticLength 101.9 
  ; observer variable to record the year within which the initial population hits carrying capacity 
  set o_timeToStability 0   
  ; observer variables to record abundance, demographic structure and biomass on April 30 of 
every year after stability, used for sensitivity analysis  and analysis of variance 
  set o_abundance_365_list [] 
  set o_demogStructure_365_list [] 
  set o_biomass_365_list [] 
; create the initial minnow population (different life‐stages and variables), assumed 1:1 sex ratio 
in initial population 
  set s_SEX_RATIO_INITIAL 0.50 
  CreateIndividuals 
; save the initial values to a file if save is activated on the interface 
  if saveInitial = true 
    [  
      set saveInitial false 
      export‐world user‐new‐file  
    ]     
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; start with ticks = 0 
  reset‐ticks   
end   
; simulation starts on May 1 which is the first day of the 3 months long reproductive 
season/window. 
to CreateIndividuals 
  ; start with a few individuals with around 50% sex ratio at the beginning of the spawning 
season, individuals at the first day of the spawning season could have been born any day during 
the previous 3 spawning seasons  
  ; calculate the body weight of fish in direct relation to their length 
  create‐turtles o_INITIAL_ABUNDANCE 
                    [  
                      set i_age ((1 + random 3) * ((365 ‐ s_DAYS_FROM_SPAWNING_TO_HATCH) ‐ (1 + 
random (e_REPRODUCTIVE_WINDOW_end ‐ e_REPRODUCTIVE_WINDOW_start + 1)))) 
                      set i_stage "undetermined" 
                      set i_reproductiveState "free" 
                      set i_guardingCounter 0 
                      ifelse random 2 > s_SEX_RATIO_INITIAL 
                           [  
                             set i_sex "male" 
                             set i_length (o_asymptoticLength ‐ ((o_asymptoticLength ‐ 
s_LENGTH_AT_HATCH)*(exp (s_GROWTH_CONSTANT_male * i_age * ‐1)))) ;Eq. 1 
                           ] 
                           [  
                             set i_sex "female" 
                             set i_length (o_asymptoticLength ‐ ((o_asymptoticLength ‐ 
s_LENGTH_AT_HATCH)*(exp (s_GROWTH_CONSTANT_female * i_age * ‐1)))) ;Eq. 1 
                           ] 
                    ]          
; calculate the biomassDensity using Eq. 3 for each individual 
 set o_biomassDensity (sum [(s_WEIGHT_CONSTANT * (i_length ^ s_WEIGHT_EXPONENT))] of 
turtles / e_AREA_TOTAL)  
end 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; GO ;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
; Processes are named using upper case letters for the first letter of each word 
to Go 
   ;profiler:reset 
   ;profiler:start 
   ; stop simulation if there are no more fish individuals present in the stream at the end of the 
day and if no eggs were laid before the individuals died print population is extinct 
   if (not any? turtles) and (sum o_N_eggsPerDay_list = 0) 
                        [ 
                         print "population is extinct" 
                         stop 
                        ] 
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   ; stop simulation if n years have passed since o_timeToStability  
   if o_timeToStability != 0 and o_simulationYear = (o_timeToStability + 
o_YEARS_AFTER_STABILITY + 1) 
     [ 
       stop 
     ] 
   TrackTime 
   Develop 
   Survive/Age 
   Mate 
   Recruit 
   Grow 
   UpdateOutput 
   ;profiler:stop 
   ;print profiler:report      
end 
;;;;;;;;;;;;;;;;;; TRACK TIME AS THE SIMULATION RUNS;;;;;;;;;;;;;;;;;;;;;;;;;;; 
to TrackTime 
  ; reproductive season according to Frost (1943) is from May 1 to July 31, a 3 month window 
within which reproduction can take place anytime if receptive females and non‐guarding males 
are available  
  ; simulation year refers to a 365 days calendar year 
  tick 
  set o_simulationDay ticks 
  if o_simulationDay = 366 [  
                           ; code to make sure the number of eggs per day is being listed & updated 
correctly as simulations run 
                             ;print o_N_eggsPerDay_list   
                             ;print length o_N_eggsPerDay_list   
                             set o_simulationYear o_simulationYear + 1 
                             reset‐ticks 
                             tick  
                             set o_simulationDay ticks 
                           ]    
  if o_simulationDay = e_REPRODUCTIVE_WINDOW_start  
     [set o_reproductiveWindow? "true"] 
  if o_simulationDay = e_REPRODUCTIVE_WINDOW_end + 1  
     [set o_reproductiveWindow? "false"]      
end 
;;;;;;;;;;;;;;;;;;;;;;;;;; DETERMINE LIFE STAGE OF INDIVIDUALS;;;;;;;;;;;;;;;;; 
to Develop       
   ; empty the list of ages at maturity at the beginning of every simulation year 
   if ticks = 366 
      [ 
        set o_ageAtMaturity_list [] 
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      ]   
  ; set the development stage of the different individuals  
  ; length at maturity = 41 to 45 mm (40.5 to 45.5) according to Frost (1943) 
  ; the age at maturity cannot be predicted, it is determined by the cumulative density 
dependent growth which in turn is related to biomass density 
  ; ageAtMaturity records the age at which each individual fish matured 
   ask turtles  
      ; if the fish is not already mature 
      [ 
        if i_stage != "adult" 
           [  
             set  s_LENGTH_AT_MATURITY ((random‐float 5) + 40.5) 
             ifelse i_length <  s_LENGTH_AT_MATURITY 
                    [ 
                      set i_stage "juvenile" 
                    ] 
                    [ 
                      set i_stage "adult" 
 ; when the individual matures, add its age at maturity to the list of ages at maturity  
                      set o_ageAtMaturity_list fput (i_age / 365) o_ageAtMaturity_list 
                              
                    ]  ] ] 
end   
;;;;;;;;;;;;;;;;;; SURVIVE and AGE ;;;;;;;;;;;;;;;;;;;;;;; 
to Survive/Age 
   ask turtles 
       [  
         ; relevant correction factor created as a local variable 
         let l_correctionFactor 1 
         ; early juveniles (< 31 mm fL) hang in backwaters around vegetation resulting in lower 
mortality at unit weight: s_CORRECTION_FACTOR_EARLY_JUVENILE 
         ifelse (i_length < s_LENGTH_AT_HABITAT_SHIFT) 
                [  
                  set l_correctionFactor s_CORRECTION_FACTOR_EARLY_JUVENILE 
                ] 
         ; during the breeding season adults are faced by higher mortality at unit weight: 
s_CORRECTION_FACTOR_REPRODUCING_ADULT 
         ; note that males may be still preoccupied by guarding up to 4 days after the end of the 
spawning season and this was taken into consideration  
                [  
                  if (o_reproductiveWindow? = "true" and i_stage = "adult") or (i_reproductiveState = 
"guarding") 
                    [ 
                      set l_correctionFactor s_CORRECTION_FACTOR_REPRODUCING_ADULT   
                    ] 
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         ; remaining individuals >= 31 mm FL (late juveniles and adults) which live in deeper waters 
are less sheltered by vegetation than early juveniles : no correction factor 
                ] 
         ; allometric length weight relationship Eq. 3 
         let l_i_weight (s_WEIGHT_CONSTANT * (i_length ^ s_WEIGHT_EXPONENT))   
         ; allometric mortality weight relationship applying the relevant correction factor Eq. 5 
         let l_i_mortalityRate (s_MORTALITY_AT_UNIT_WEIGHT * (l_i_weight ^  
s_MORTALITY_EXPONENT) * l_correctionFactor) 
         ; survival probability as negative exponent of mortality rate after applying the relevant 
correction factor 
         let l_i_survivalProbability (exp (‐ l_i_mortalityRate)) 
         ; debug code to check whether we are having realistic values of survival probabilities 
            ;if (l_i_survivalProbability < 0) or (l_i_survivalProbability > 1) 
                ;[ 
                 ; print l_i_survivalProbability 
                 ; print "survival probability value is not acceptable" 
                ;] 
         ; print statements to output key variables for code testing via comparison with excel 
calculations 
         ;print i_stage 
         ;print i_length 
         ;print l_i_weight 
         ;print l_i_mortalityRate 
         ;print l_i_survivalProbability 
         ifelse random‐float 1 >= l_i_survivalProbability 
            [ die ] 
         ; increase individal age by 1 day if it survives            
            [ set i_age ( i_age + 1 )]                       
       ]                              
end 
;;;;;;;;;;;;;;;;;;;;;MATE;;;;;;;;;;;;;;;;;;;;;;; 
to Mate 
  set o_N_eggsPerDay 0 
  ; we update the guarding status of males regardless of the spawning season because if a male 
guards eggs spawned on the last day of the season then the guarding will extend to 3 days after 
the end of the season 
  ask turtles with [i_reproductiveState = "guarding"] 
      [ 
        set i_guardingCounter (i_guardingCounter + 1) 
        if i_guardingCounter = 5 
           [ 
             set i_reproductiveState "free" 
             set i_guardingCounter 0        
           ]] 
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  ; Mating takes place whenever non‐guarding males and receptive females are present during 
the spawning season, We assume no limitation in available spawning grounds          
  if o_reproductiveWindow? = "true"  
     [ 
       if o_simulationDay = 1 [  
                                set o_N_eggsPerDay_list [] 
                                ask turtles 
                                    [  
                                      set i_reproductiveState "free" 
                                      set i_guardingCounter 0 
                                    ] 
                              ] 
    let l_N_eggsPerDay 0                        
    let l_reproFemales_list [] 
    let l_guardingMales_list [] 
  ; males can reproduce again if eggs of previous mating hatched 
    let l_freeMales_set turtles with [i_stage = "adult" and i_sex = "male" and i_reproductiveState = 
"free"] 
  ; A female spawns once per year shedding all its eggs. 
    let l_receptiveFemales_set turtles with [i_stage = "adult" and i_sex = "female" and 
i_reproductiveState = "free"]     
  ; create list of potentially reproductive free males and receptive females based on length, 
largest to smallest 
    let l_potentialReproMales_list sort‐by [ [ i_length ] of ?1 > [ i_length ] of ?2 ] l_freeMales_set 
    let l_potentialReproFemales_list sort‐by [ [ i_length ] of ?1 > [ i_length ] of ?2 ] 
l_receptiveFemales_set   
  ; The larger listed individuals mate first (dominance) with a certain ratio of males to females (2 
males with 1 female) (according to Constantinescu et al. 1984 ). However, only the bigger male 
of a pair defends the nest 
    ifelse (length l_potentialReproMales_list = 0) or (length l_potentialReproFemales_list = 0)  
          [  
            set o_N_eggsPerDay_list lput l_N_eggsPerDay o_N_eggsPerDay_list 
            stop 
          ] 
          [ ifelse length l_potentialReproMales_list >= (2 * length l_potentialReproFemales_list) 
                   [ 
                     set l_reproFemales_list l_potentialReproFemales_list  
                   ]    
                   [ 
                     set l_reproFemales_list sublist l_potentialReproFemales_list 0 ( ceiling (length 
l_potentialReproMales_list / 2)) 
                   ]  
            set l_guardingMales_list sublist l_potentialReproMales_list 0 (length l_reproFemales_list)    
   ; A male would mate more than once during the spawning season if it survives the previous 
mating and guarding period of 4 days. 
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            foreach l_guardingMales_list 
                   [ ask ? 
                         [  
                           set i_reproductiveState "guarding" 
                           set i_guardingCounter 1 
                         ] 
                   ]             
  ; The number of shed eggs is determined by the body size of the female Eq. 4 
  ; List the number of eggs shed per day in order to derive the number of recruits some days later  
            foreach l_reproFemales_list 
                    [ ask ? 
                          [ 
                            set i_reproductiveState "spawned" 
                            set l_N_eggsPerDay l_N_eggsPerDay + round ( s_FECUNDITY_CONSTANT * 
(i_length ^  s_FECUNDITY_EXPONENT )) ; Eq. 4             
                          ] 
                    ] 
           set o_N_eggsPerDay l_N_eggsPerDay  
           set o_N_eggsPerDay_list lput l_N_eggsPerDay o_N_eggsPerDay_list     
        ] 
    ]  
 end 
;;;;;;;;;;;;;;;;;;;;;RECRUIT;;;;;;;;;;;;;;;;;;;;;;; 
to Recruit 
 ; Individuals enter the IBM as juveniles, eggs and larvae are not explicitly modelled 
 ; The number of recruited juveniles per day is determined by going back 18 days (hatch and 
larval period) and calculating the juveniles that result from the egg number laid on that day and 
assigning to them 50% sex ratio randomly 
 if o_simulationDay > (s_DAYS_FROM_SPAWNING_TO_HATCH + 
s_DAYS_FROM_HATCH_TO_SWIMUP) and o_simulationDay <= 
(s_DAYS_FROM_SPAWNING_TO_HATCH + s_DAYS_FROM_HATCH_TO_SWIMUP + 
(e_REPRODUCTIVE_WINDOW_end ‐ e_REPRODUCTIVE_WINDOW_start + 1)) 
       [ 
         create‐turtles round ((item (o_simulationDay ‐ ((s_DAYS_FROM_SPAWNING_TO_HATCH + 
s_DAYS_FROM_HATCH_TO_SWIMUP) + 1)) o_N_eggsPerDay_list) * s_HATCH_SUCCESS * 
s_LARVAL_SURVIVAL) 
                          [ 
                            set i_stage "juvenile" 
                            set i_length s_LENGTH_AT_SWIMUP 
                            set i_age (s_DAYS_FROM_HATCH_TO_SWIMUP) 
                            set i_reproductiveState "free" 
                            set i_guardingCounter 0 
                            ifelse random‐float 1 >= s_SEX_RATIO_RECRUITS 
                                   [ set i_sex "male"] 
                                   [ set i_sex "female"] 
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                          ] 
        ; code to check whether the correct number of recruits is added to the population on the 
correct simulation day 
        ;print o_simulationDay 
        ;print round ((item (o_simulationDay ‐ ((s_DAYS_FROM_SPAWNING_TO_HATCH + 
s_DAYS_FROM_HATCH_TO_SWIMUP) + 1)) o_N_eggsPerDay_list) * s_HATCH_SUCCESS * 
s_LARVAL_SURVIVAL) 
      ]                                                                                      
end 
;;;;;;;;;;;;;;;;;;;;;;;;;;; DENSITY DEPENDENT INCREASE IN BODY LENGTH ;;;;;;;;;;;;;;;;;;;;;;;;;;; 
to Grow 
 ; Eq. 2, Linear asymptotic length – biomass density relationship 
   set o_asymptoticLength (s_LIMITING_ASYMPTOTIC_LENGTH ‐ 
(s_STRENGTH_OF_DENSITY_DEPENDENCE * o_biomassDensity)) 
   let l_D_i_length 0  
 ; negative growth in length is not possible, if dl/dt would be negative, then set daily growth in 
length to no growth  
  ask turtles 
      [ 
       ifelse i_sex = "male" 
              [  
                set l_D_i_length s_GROWTH_CONSTANT_male * (o_asymptoticLength ‐ i_length) 
              ] 
              [  
                set l_D_i_length s_GROWTH_CONSTANT_female * (o_asymptoticLength ‐ i_length) 
              ] 
       ifelse l_D_i_length > 0 
                      [ set i_length (i_length + l_D_i_length) 
                      ] 
                      [ set i_length i_length]        
       ] 
; set fish weight as a direct relationship with length Eq. 3 
; calculate the initial biomass density for the next day 
  set o_biomassDensity(sum [(s_WEIGHT_CONSTANT * (i_length ^ s_WEIGHT_EXPONENT ) )] of 
turtles / e_AREA_TOTAL)   
 ; determine time to reach CC 
  if o_biomassDensity >= e_CARRYING_CAPACITY and o_timeToStability = 0 
  [ 
    set o_timeToStability o_simulationYear 
  ] 
end 
;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;PLOTS and OUTPUT;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
to UpdateOutput 
   CountPopulation 
   PlotSizeDistributions 
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   PlotPopulationGrowth 
   PlotSexRatio 
   PlotAgeDistribution 
   PlotBiomassDensity 
   PlotAgeAtMaturity 
   PlotAsymptoticLength 
   PlotEggProduction 
    
   ;OutputLengthAge  
  ; code used to obtain data for model output corroboration on seasonal growth; remove 
semicolon to activate 
   ;CountSizeClasses  
   ; code used together with behaviourspace tool in order to verify length‐relative frequency 
distributions against field data, remove the semicolon before CountSizeClasses before using 
behaviour space    
   ;ListResponseVariables  
   ; code used together with behaviourspace tool in order to conduct analysis of variance and 
sensitivity analysis, remove the semicolon before ListResponseVariables before using behaviour 
space experiments  
end 
 
to CountPopulation 
  set o_N_minnows count turtles 
  set o_N_juveniles count turtles with [ i_stage = "juvenile"] 
  set o_N_adultMales count turtles with [ i_sex = "male" and i_stage = "adult"] 
  set o_N_adultFemales count turtles with [ i_sex = "female" and i_stage = "adult"] 
end 
 
to PlotSizeDistributions  
  ifelse followSizeDistribution? = false 
  [stop] 
  [ 
  ; plot frequency versus fork length of fish for adult males, adult females, and all individuals 
taken together 
  set‐current‐plot "Adult Male Size Distribution" 
  set‐plot‐x‐range 0 round s_LIMITING_ASYMPTOTIC_LENGTH 
  set‐plot‐pen‐interval 1 
  set‐current‐plot‐pen "Male body length" 
  histogram [i_length] of turtles with [ i_sex = "male" and i_stage = "adult"] 
  set‐current‐plot‐pen "Min length at maturity" 
  plotxy 40.5 0 
  plotxy 40.5 plot‐y‐max 
  set‐current‐plot‐pen "Max length at maturity" 
  plotxy 45.5 0 
  plotxy 45.5 plot‐y‐max 
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  set‐current‐plot "Adult Female Size Distribution" 
  set‐plot‐x‐range 0 round s_LIMITING_ASYMPTOTIC_LENGTH 
  set‐plot‐pen‐interval 1 
  set‐current‐plot‐pen "Female body length" 
  histogram [i_length] of turtles with [ i_sex = "female" and i_stage = "adult"] 
  set‐current‐plot‐pen "Min length at maturity" 
  plotxy 40.5 0 
  plotxy 40.5 plot‐y‐max 
  set‐current‐plot‐pen "Max length at maturity" 
  plotxy 45.5 0 
  plotxy 45.5 plot‐y‐max  
  set‐current‐plot "Population Size Distribution" 
  set‐plot‐x‐range 0 round s_LIMITING_ASYMPTOTIC_LENGTH 
  set‐plot‐pen‐interval 1 
  set‐current‐plot‐pen "Body length" 
  histogram [i_length] of turtles  
  set‐current‐plot‐pen "Min length at maturity" 
  plotxy 40.5 0 
  plotxy 40.5 plot‐y‐max 
  set‐current‐plot‐pen "Max length at maturity" 
  plotxy 45.5 0 
  plotxy 45.5 plot‐y‐max 
  ] 
  end 
 
to PlotPopulationGrowth   
  ifelse followPopulationStructure&Growth? = false 
         [stop] 
         [ 
  ; count individuals plot on chart as percent from total 
          set‐current‐plot "Minnow Population structure" 
          set‐current‐plot‐pen "Juveniles"  
          ifelse o_N_juveniles != 0 
                 [ plot ((o_N_juveniles / o_N_minnows) * 100)] 
                 [plot 0] 
          set‐current‐plot‐pen "Adults" 
          ifelse (o_N_minnows ‐ o_N_juveniles) != 0 
                [plot ((o_N_minnows ‐ o_N_juveniles) / o_N_minnows) * 100] 
                [plot 0]   
 ; count all individulas and plot on chart 
         set‐current‐plot "Minnow Population Growth" 
         set‐current‐plot‐pen "abundance" 
         plot o_N_minnows 
         ] 
end 
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to PlotSexRatio 
  ifelse followSexRatio? = false 
  [stop] 
  ; count adult males and females and plot proportion of females (% from adults) on chart 
  [  
   set‐current‐plot "Adult sex ratio" 
   set‐current‐plot‐pen "1:1" 
   plot 50 
   set‐current‐plot‐pen "females/adults" 
   ifelse o_N_minnows != 0 and o_N_adultFemales != 0 
         [ plot (o_N_adultFemales / (o_N_adultMales + o_N_adultFemales)* 100)] 
         [ ifelse o_N_adultFemales = 0 
                 [plot 0] 
                 [plot 100] 
         ]]  
end 
 
to PlotAgeDistribution 
   ifelse followAgeDistribution? = false 
   [stop] 
   [ 
   ; Use nested ifelse to count age classes: 
    ask turtles 
        [ 
          ifelse i_age <= 366 [set o_N_Age1 o_N_Age1 + 1] 
          [ 
            ifelse (i_age <= 731) [set o_N_Age2 o_N_Age2 + 1] 
            [ 
              ifelse (i_age <= 1096) [set o_N_Age3 o_N_Age3 + 1] 
              [ 
                ifelse (i_age <= 1461) [set o_N_Age4 o_N_Age4 + 1] 
                [ 
                  set o_N_Age5+ o_N_Age5+ + 1 
                ]]]]   
               
  ; plot age structure as percent from total 
  set‐current‐plot "Age structure" 
  set‐current‐plot‐pen "age class 1" 
  ifelse o_N_age1 != 0 
       [ plot o_N_age1 / o_N_minnows * 100] 
       [ plot 0 ] 
  set‐current‐plot‐pen "age class 2" 
  ifelse o_N_age2 != 0 
       [ plot o_N_age2 / o_N_minnows * 100] 
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       [ plot 0 ] 
  set‐current‐plot‐pen "age class 3" 
  ifelse o_N_age3 != 0 
       [ plot o_N_age3 / o_N_minnows * 100] 
       [ plot 0 ] 
  set‐current‐plot‐pen "age class 4" 
  ifelse o_N_age4 != 0 
       [ plot o_N_age4 / o_N_minnows * 100] 
       [ plot 0 ] 
  set‐current‐plot‐pen "age class 5+" 
  ifelse o_N_age5+ != 0 
       [ plot o_N_age5+ / o_N_minnows * 100] 
       [ plot 0 ] 
  ; clear the values for variables for age classes  
  set o_N_Age1 0 
  set o_N_Age2 0 
  set o_N_Age3 0 
  set o_N_Age4 0 
  set o_N_Age5+ 0  
 ] 
end 
 
to PlotBiomassDensity 
   ifelse followBiomassDensity? = false 
          [stop] 
   ; plot biomass density of juveniles and adults 
          [  
           set‐current‐plot "Population Biomass Density" 
           set‐current‐plot‐pen "Expected BD av" 
           plot e_CARRYING_CAPACITY 
           set‐current‐plot‐pen "Daily BD" 
           plot o_biomassDensity 
          ] 
end   
 
to PlotAgeAtMaturity 
   ifelse followAgeAtMaturity? = false 
          [stop] 
          [ 
           set‐current‐plot "Age at maturity" 
; at the end of every simulation year plot the mean and standard deviation of age at maturity 
which was collected for all the individuals which matured during the simulation year 
; after plotting, empty the list which saves the ages at maturity in order to evaluate the values 
for the following year independently 
           if ticks = 365 and length o_ageAtMaturity_list != 0 
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              [ 
               set‐current‐plot‐pen "annual mean" 
               let mean_age mean o_ageAtMaturity_list 
               let SD_age standard‐deviation o_ageAtMaturity_list 
               plot mean_age 
               set‐current‐plot‐pen "SD" 
               plot (mean_age + SD_age) 
               set‐current‐plot‐pen "SD2" 
               plot (mean_age ‐ SD_age) 
              ]    
          ] 
end 
 
to PlotAsymptoticLength 
   ifelse followAsymptoticLength? = false 
         [stop] 
         [ 
; plot the daily asymptotic length which is related to daily biomass density 
; plot the predetermined limiting asymptotic length which is related to the productivity of the 
water body         
          set‐current‐plot "Density Dependent Asymptotic Length" 
          set‐current‐plot‐pen "L_inf_B" 
          Plot o_asymptoticLength 
          set‐current‐plot‐pen "L_inf_L" 
          plot s_LIMITING_ASYMPTOTIC_LENGTH 
         ] 
end 
 
to PlotEggProduction 
; plot the number of eggs produced per day in red during the breeding season and in black 
outside the breeding season 
   ifelse followEggProduction? = false 
          [stop] 
          [ 
           set‐current‐plot "Egg Production" 
           set‐current‐plot‐pen "Eggs/Day" 
           ifelse ticks = length o_N_eggsPerDay_list 
                  [ 
                    set‐plot‐pen‐color 15 
                  ] 
                  [ 
                    set‐plot‐pen‐color 0 
                  ] 
           plot o_N_eggsPerDay 
          ] 
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end 
 
to OutputLengthAge; we arbitrarily chose to take the output at year 4 after stability 
  if o_timeToStability != 0 AND o_simulationYear > o_timeToStability + 3 AND o_simulationYear < 
o_timeToStability + 5 
  [ 
  if o_simulationDay = 31 OR o_simulationDay = 61 OR o_simulationDay = 92 OR 
o_simulationDay = 123 OR o_simulationDay = 153 OR o_simulationDay = 184 OR 
o_simulationDay = 214 Or o_simulationDay = 245 OR o_simulationDay = 276 OR 
o_simulationDay = 304 OR o_simulationDay = 335 OR o_simulationDay = 365 
     [ 
       export‐world user‐new‐file  
     ] 
  ] 
end 
 
to CountSizeClasses 
  ; clear the values for variables for age classes  
  set o_N_Size1 0 
  set o_N_Size2 0 
  set o_N_Size3 0 
  set o_N_Size4 0 
  set o_N_Size5 0  
  set o_N_Size6 0 
  set o_N_Size7 0 
  set o_N_Size8 0 
  set o_N_Size9 0 
  set o_N_Size10 0  
  set o_N_Size11 0 
  set o_N_Size12 0 
  set o_N_Size13 0 
  set o_N_Size14 0 
  set o_N_Size15 0  
  set o_N_Size16 0 
  set o_N_Size17 0  
   ; Use nested ifelse to count individuals in size classes: 
    ask turtles 
        [ 
         ifelse i_length <= 10 [set o_N_Size1 o_N_Size1 + 1] 
         [ 
          ifelse i_length <= 12.5 [set o_N_Size2 o_N_Size2 + 1] 
          [ 
           ifelse i_length <= 17.5 [set o_N_Size3 o_N_Size3 + 1] 
           [ 
            ifelse i_length <= 22.5 [set o_N_Size4 o_N_Size4 + 1] 
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            [ 
             ifelse i_length <= 27.5 [set o_N_Size5 o_N_Size5 + 1] 
             [ 
              ifelse i_length <= 32.5 [set o_N_Size6 o_N_Size6 + 1] 
              [ 
               ifelse i_length <= 37.5 [set o_N_Size7 o_N_Size7 + 1] 
               [ 
                ifelse i_length <= 42.5 [set o_N_Size8 o_N_Size8 + 1] 
                [ 
                 ifelse i_length <= 47.5 [set o_N_Size9 o_N_Size9 + 1] 
                 [ 
                  ifelse i_length <= 52.5 [set o_N_Size10 o_N_Size10 + 1] 
                  [ 
                   ifelse i_length <= 57.5 [set o_N_Size11 o_N_Size11 + 1] 
                   [ 
                    ifelse i_length <= 62.5 [set o_N_Size12 o_N_Size12 + 1] 
                    [ 
                     ifelse i_length <= 67.5 [set o_N_Size13 o_N_Size13 + 1] 
                     [ 
                      ifelse i_length <= 72.5 [set o_N_Size14 o_N_Size14 + 1] 
                      [ 
                       ifelse i_length <= 77.5 [set o_N_Size15 o_N_Size15 + 1] 
                       [ 
                        ifelse i_length <= 82.5 [set o_N_Size16 o_N_Size16 + 1] 
                        [ 
                         if i_length > 82.5 [set o_N_Size17 o_N_Size17 + 1] 
                          
                 ]]]]]]]]]]]]]]]]] 
end 
 
to ListResponseVariables  
; at the end of april 30 of every year (day 365) after stability list the number of individuals 
(abundance), the proportion of juveniles (demographic structure) & biomass density (biomass) 
if o_timeToStability != 0 AND o_simulationYear > o_timeToStability AND o_simulationDay = 365 
  [ 
    set o_abundance_365_list fput (o_N_minnows) o_abundance_365_list 
    set o_demogStructure_365_list fput (o_N_juveniles / o_N_minnows * 100) 
o_demogStructure_365_list 
    set o_biomass_365_list fput ( o_biomassDensity) o_biomass_365_list   
  ] 
end 
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Appendix V: Example tests performed on the Minnow 
IBM program to verify the model implementation 
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I. Tests performed on the code for CreateIndividuals conducted using the model user 
interface in NetLogo, after clicking on Setup and before clicking on Go, using default 
parameter values 
 
TEST 1 on this statement: 
set i_age ((1 + random 3) * ((365 ‐ s_DAYS_FROM_SPAWNING_TO_HATCH) ‐ 
(1 + random e_DURATION_REPRODUCTIVE_WINDOW))) 
 
 The minimum expected i_age = 269 whereby random 3 = 0 and random 
e_DURATION_REPRODUCTIVE_WINDOW = 91  
      
 The maximum expected i_age = 1080 whereby random 3 = 2 and random 
e_DURATION_REPRODUCTIVE_WINDOW = 0 
 
 Typed in the command center: 
 
count turtles with [ i_age < 269]             
count turtles with [ i_age > 1080]             
count turtles with [ i_age >= 269 and i_age <= 1080] 
 Result which proved the code correct: 
 
0 turtles with [ i_age < 269]     
0 turtles with [ i_age > 1080]     
150 turtles with [ i_age >= 269 and i_age <= 1080]  
 
TEST 2 on these statements:   
set i_length (o_asymptoticLength ‐ ((o_asymptoticLength ‐ 
s_LENGTH_AT_HATCH)*(exp (s_GROWTH_CONSTANT_male * i_age * ‐1)))) 
set i_length (o_asymptoticLength ‐ ((o_asymptoticLength ‐ s_LENGTH_AT_HATCH)*(exp 
(s_GROWTH_CONSTANT_female * i_age * ‐1)))) 
 
 Example shown for males, the same was performed for females to compare model 
calculations with excel calculations 
 
 Typed in the command center :  
     
ask turtles with [i_sex = "male"] [print i_age print i_length]   
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 Copied output from the command center to excel file and recalculated values for 
comparison 
 
 Result which proved the code correct: 
i_length_model agreed with i_length_excel 
 
i_age i_length_model i_length_excel 
1071 64.75139535 64.75139535 
942 60.17809834 60.17809834 
1020 63.00653621 63.00653621 
345 30.4979764 30.4979764 
1026 63.21599486 63.21599486 
903 58.68765533 58.68765533 
316 28.60985073 28.60985073 
550 42.52779363 42.52779363 
628 46.55279225 46.55279225 
556 42.84753945 42.84753945 
716 50.76719792 50.76719792 
668 48.50985328 48.50985328 
584 44.31706764 44.31706764 
1008 62.58421034 62.58421034 
987 61.83407547 61.83407547 
858 56.90163253 56.90163253 
714 50.67507599 50.67507599 
324 29.13564467 29.13564467 
903 58.68765533 58.68765533 
349 30.75456156 30.75456156 
622 46.25310892 46.25310892 
616 45.95180291 45.95180291 
628 46.55279225 46.55279225 
636 46.94986099 46.94986099 
292 27.00956261 27.00956261 
331 29.59261913 29.59261913 
349 30.75456156 30.75456156 
554 42.7411493 42.7411493 
296 27.27868348 27.27868348 
340 30.17594326 30.17594326 
332 29.6576665 29.6576665 
816 55.16813759 55.16813759 
912 59.03626156 59.03626156 
1059 64.34801609 64.34801609 
346 30.56220931 30.56220931 
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999 62.2644592 62.2644592 
686 49.36780548 49.36780548 
708 50.3977132 50.3977132 
                   
Test 3:  
An observation to generally judge if the initialized population agrees with literature being 
considered  
       
 The maximum reported length for males 67 mm and for females 77 
mm (Frost 1943) 
 
 Typed in the command center : 
 
 count turtles with [ i_length > 67 and i_sex = "male"]     
  count turtles with [ i_length > 77 and i_sex = "female"]   
  count turtles with [ i_length > 67 and i_sex = "female"]  
 Result which proved the code correct:  
     
0 turtles with [ i_length > 67 and i_sex = "male"]  
 0 turtles with [ i_length > 77 and i_sex = "female"]  
 >= 0 turtles with [ i_length > 67 and i_sex ="female"] 
II. Tests performed on the code for Survive/Age conducted by adding debug code which 
was left in the model code provided in appendix B, however commented out 
(deactivated) 
 
TEST 1 using default initial abundance of 150 individuals: 
Debug print statements to check whether we are always obtaining meaningful values of 
survival probabilities  
 
 Added the following:  
         
 if (l_i_survivalProbability < 0) or (l_i_survivalProbability > 1)       
     [   
  print l_i_survivalProbability 
  print "survival probability value is not acceptable "     
                 ]    
        
 Result which proved the code correct: 
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Throughout the simulation, we did not get any such statements printed in the 
command center 
 
TEST 2 using initial abundance of 2 individuals and default parameter values: 
Print statements to output key variables for code testing via comparison with excel 
calculations 
 
 These statements were inserted into the main code of the SurviveAge sub-model 
since the command center in the user interface may not access local variables 
 print i_stage 
 print i_length 
 print l_i_weight 
 print l_i_mortalityRate 
               print l_i_survivalProbability 
 Coded equations being tested 
 
l_i_weight  =  s_WEIGHT_CONSTANT * (i_length ^ s_WEIGHT_EXPONENT) 
l_i_mortalityRate  =  s_MORTALITY_AT_UNIT_WEIGHT * (l_i_weight 
^s_MORTALITY_EXPONENT) * l_correctionFactor 
 
l_i_survivalProbability = exp (‐ l_i_mortalityRate) 
 
 Model output Excel calculation 
Individual A B A B 
i_stage juvenile juvenile   
i_length 25.58067287 33.05716103   
l_i_weight 0.173440445 0.397936264 0.173440445 0.397936264 
l_i_mortalityRate 0.005750612 0.009047164 0.005750612 0.009047164 
 
 Result which proved the code correct: 
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l_i_weight, l_i_mortalityRate and l_i_survivalProbability agree with calculations made 
in excel 
 
The agreement of mortality rate calculations also indirectly proves that correction 
factors are being assigned correctly whereby l_correctionFactor which is expected 
to have been used for A is 0.5 since i_length < 33 mm and i_stage is juvenile  
and for B is 1 since i_length > 33 mm and i_stage juvenile.  
 
III. Test performed on the code for Mate conducted by adding debug code which was left 
in the model code provided in appendix B, however commented out (deactivated) 
 
 Print statements added to code to check whether egg number produced per day is 
being listed and updated correctly as simulations run and to verify if the list of 
number of eggs per day has entries only for the days of the breeding season 
 
 Added to the main code under "if  o_simulationDay  =  366" in the TrackTime 
procedure the following two commands:      
   
print o_N_eggsPerDay_list         
print length o_N_eggsPerDay_list 
 While running the model, at the end of every year output in the form of a list will 
be printed in the command center followed by a number (length of the 
o_N_eggsPerDay_list) 
 
 What we expected as output was: 
 
Length of o_N_eggsPerDay_list = 92 and that entries have values as zeros when 
spawning does not occur and as whole numbers when it does occur 
 
 Result which proved the code correct: 
 
Output agreed with expectations 
 
Example output for 5 years running a simulation with default settings:  
[8054 2372 1085 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0]  
92  
[1899 398 244 0 206 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 106 106 0 0 107 108 0 0 109 110 0 0 111 112 0 0 
113 114 0 0 115]  
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92  
[4126 1104 554 278 1390 834 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 106 0 107 107 107 323 108 109 109 220 220 
111 111 224 112 113 113 228 114 115 115 232 116]  
92  
[2370 275 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 317 107 106 108 108 109 109 109 110 110 111 111 
112 112 113 113 114 114 115 115] 
92  
[2727 1371 548 275 1236 448 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 106 0 321 108 216 218 218 220 220 222 
222 224 224 226 226 113 0 114 0 0 0]  
92  
 
IV. Test performed on the code for Recruit conducted by adding debug code which was 
left in the model code provided in appendix B, however commented out (deactivated) 
 
 Print statements added to code to check whether the correct number of recruits 
enter the population at the correct time 
 
 Coded equation being tested: 
 
if o_simulationDay > (s_DAYS_FROM_SPAWNING_TO_HATCH + 
s_DAYS_FROM_HATCH_TO_SWIMUP) and o_simulationDay <= 
(s_DAYS_FROM_SPAWNING_TO_HATCH + s_DAYS_FROM_HATCH_TO_SWIMUP + 
e_DURATION_REPRODUCTIVE_WINDOW) 
       [ 
  create‐turtles round ((item (o_simulationDay ‐ 
((s_DAYS_FROM_SPAWNING_TO_HATCH   + s_DAYS_FROM_HATCH_TO_SWIMUP) + 
1)) o_N_eggsPerDay_list) * s_HATCH_SUCCESS * s_LARVAL_SURVIVAL) 
      ] 
 
 Added to code at the end of the Recruit sub-model the following two commands  
 
print o_simulationDay   
print  round  ((item  (o_simulationDay  ‐  ((s_DAYS_FROM_SPAWNING_TO_HATCH  + 
s_DAYS_FROM_HATCH_TO_SWIMUP) + 1)) o_N_eggsPerDay_list) * s_HATCH_SUCCESS * 
s_LARVAL_SURVIVAL)   
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We also kept the print command in the TrackTime process which prints the list of 
number of eggs per day at the end of every simulation year (Test III above)  
 
 While running the model, output will be printed in the command center in the 
form of a column of numbers, alternating between the simulation day when the 
recruitment procedure was run and the number of recruited individuals. At the end 
of the simulation year, a list of number of eggs per day referring to day1 till day 
92 (as shown in Test III above) is printed out   
 
 We expect that recruitment happens on simulation days which are 18 days later 
from the day eggs were laid (hatch and larval period)  
   
 Result which proved the code correct: 
 
Output agreed with expectations 
 
Model output v/s what we calculated in excel: An example for 1 simulation year: 
Simulation day Egg # laid Recruits #_ model Recruits #_excel 
1 3059 0 0 
2 1036 0 0 
3 431 0 0 
4 422 0 0 
5 673 0 0 
6 0 0 0 
7 0 0 0 
8 0 0 0 
9 0 0 0 
10 0 0 0 
11 0 0 0 
12 0 0 0 
13 0 0 0 
14 0 0 0 
15 0 0 0 
16 0 0 0 
17 0 0 0 
18 0 0 0 
19 0 2340 2340 
 273 
 
Simulation day Egg # laid Recruits #_ model Recruits #_excel 
20 0 793 793 
21 0 330 330 
22 0 323 323 
23 0 515 515 
24 0 0 0 
25 0 0 0 
26 0 0 0 
27 0 0 0 
28 0 0 0 
29 0 0 0 
30 0 0 0 
31 0 0 0 
32 0 0 0 
33 0 0 0 
34 0 0 0 
35 0 0 0 
36 0 0 0 
37 0 0 0 
38 0 0 0 
39 0 0 0 
40 0 0 0 
41 0 0 0 
42 0 0 0 
43 0 0 0 
44 0 0 0 
45 0 0 0 
46 0 0 0 
47 0 0 0 
48 0 0 0 
49 0 0 0 
50 0 0 0 
51 0 0 0 
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Simulation day Egg # laid Recruits #_ model Recruits #_excel 
52 0 0 0 
53 0 0 0 
54 0 0 0 
55 0 0 0 
56 0 0 0 
57 0 0 0 
58 0 0 0 
59 0 0 0 
60 0 0 0 
61 0 0 0 
62 0 0 0 
63 0 0 0 
64 0 0 0 
65 0 0 0 
66 0 0 0 
67 0 0 0 
68 0 0 0 
69 0 0 0 
70 0 0 0 
71 0 0 0 
72 0 0 0 
73 0 0 0 
74 0 0 0 
75 210 0 0 
76 318 0 0 
77 212 0 0 
78 107 0 0 
79 107 0 0 
80 216 0 0 
81 216 0 0 
82 109 0 0 
83 109 0 0 
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Simulation day Egg # laid Recruits #_ model Recruits #_excel 
84 109 0 0 
85 220 0 0 
86 110 0 0 
87 111 0 0 
88 111 0 0 
89 224 0 0 
90 112 0 0 
91 113 0 0 
92 113 0 0 
93 0 161 161 
94 0 243 243 
95 0 162 162 
96 0 82 82 
97 0 82 82 
98 0 165 165 
99 0 165 165 
100 0 83 83 
101 0 83 83 
102 0 83 83 
103 0 168 168 
104 0 84 84 
105 0 85 85 
106 0 85 85 
107 0 171 171 
108 0 86 86 
109 0 86 86 
110 0 86 86 
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